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Abstract 
The Sudbury structure hosts world class Ni-Cu-PGE deposits that have been mined, explored 
and studied for over 130 years. The structure is widely recognized as the erosional remnant 
of a 1.85 Ga 200- to 250-km tectonically altered multi-ring impact basin located in central 
Ontario, Canada. The focus of this investigation is on the Trill and Parkin Offset dykes. This 
study provides updated regional scale geologic maps, detailed geologic maps of newly 
exposed sections, geochemistry, sulphide analysis and an analysis of the inclusion population 
and orientation within the dykes. We conclude, the dyke phases display remarkable 
geochemical homogeneity, the Ni-Cu-PGE mineralization is concentrated in the dyke centre 
and up to 7 km from the SIC. PGE are found as PGE bismuth tellurides, braggite, niggliite, 
sperrylite and sudburyite. A decrease in inclusion density and size along strike and the 
inclusion long-axis orientation is aligned with the local dyke orientation in distal sections.    
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Chapter 1  
1 Introduction 
The Sudbury impact structure is host to some of the world’s largest Ni-Cu-PGE deposits 
and has been explored, studied and mined for well over 130 years. Making new 
discoveries now more than ever, requires a detailed understanding of the structure from 
the perspective of it being a tectonically deformed meteorite impact structure. The 
purpose of this investigation is to undertake a modern investigation of the Trill and 
Parkin Offset dykes and their associated Ni-Cu-PGE mineralization. 
1.1 Impact Cratering 
As initially argued in Osinski and Pierazzo (2013), impact cratering has become widely 
recognized as the most ubiquitous geological process that affects all planetary objects 
with a solid surface. Making impact craters the most common geological landforms on all 
the rocky terrestrial bodies, except Earth, and many of the rocky and icy moons of Saturn 
and Jupiter. It is an extremely high energy and unique process that is initiated with the 
impact of an asteroid or comet with a planetary surface. This process is quite complex, 
however, Gault et al. (1966) summarized the formation of impact craters into three main 
stages: contact and compression, excavation and modification (Fig. 1.1). In addition, 
hydrothermal and chemical alteration can be considered as a final step (Kieffer and 
Simonds, 1980). The contact and compression stage marks the beginning of the impact 
event when the projectile (e.g., asteroid or comet) comes in contact with the target. 
Models suggest that the projectile penetrates no more than one to two times its diameter 
(Kieffer and Simonds, 1980). The projectile contains immense kinetic energy, which is 
transferred into the target via shock waves (Melosh, 1989). The increase in internal 
energy from the shock compression and subsequent rarefaction results in the shock 
metamorphism, melting and/or vaporization of the target material (Ahrens and O’Keefe, 
1972; Grieve et al., 1977). When the projectile is completely unloaded, it marks the end 
of the contact and compression stage (Fig. 1.1) (Melosh, 1989).  
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The projectile plays no role during the excavation stage as it has been completely 
unloaded, melted and/or vaporized (Melosh, 1989). During excavation, the shock wave 
propagates outward in a roughly hemispherical shape into the target rock with the centre 
roughly at the depth of the projectile penetration. The original upward travelling waves 
hit the ground surface and create rarefaction waves which travel back downward into the 
target. Thus, the result of the outward-directed shock waves and the downward-directed 
rarefaction waves produces an exaction flow field resulting in the formation of the so- 
called transient cavity (Fig. 1.1). There is a partitioning of the transient cavity into an 
‘upper excavated’ zone and ‘lower displaced’ zone (Melosh, 1989).  
The modification stage is governed by the target rock lithology and the size of the 
transient cavity (Melosh and Ivanov, 1999). There is a minimal modification stage for 
craters with a diameter of less than 2−4 km on Earth. Thus, the crater remains a simple 
bowl shape (Fig. 1.1). Above this diameter, however, the transient cavity becomes 
unstable and undergoes modification via gravitational forces, resulting in the formation of 
a complex crater. The initial steep walls of the transient crater collapse under gravity 
resulting in an inward and upward movement of large fault-bounded blocks. The 
contemporaneous uplift of the transient crater floor results in a central uplift (Fig. 1.1).  
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Figure 1.1 Schematic cross-section depicting the three main stages of the impact 
cratering process. This model accounts for melt emplacement in both simple craters (left) 
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and complex craters (right). For the modification stage, the arrows represent different 
time steps, labeled ‘a’–‘c’. Initially, the gravitational collapse of crater walls and central 
uplift (a) results in an inwards movement of material. Afterwards, melt and clasts flow 
off the central uplift (b). Finally, there is continued movement of melt and clasts 
outwards once the crater wall collapse has ceased (c) (Osinski and Pierazzo, 2013). 
 
1.1.1 Shock Metamorphism 
A requirement for the recognition and confirmation of impact structures is the presence 
of shock metamorphic indicators, which occur at much higher pressures and temperatures 
in comparison to normal crustal metamorphism (Fig. 1.2). For example, macroscopic 
(e.g., shatter cones) and/or microscopic (e.g., planar deformation features (PDFs) in 
minerals), high-pressure polymorphs (e.g., coesite and stishovite) and/or siderophile 
element (e.g., iridium) or isotopic (e.g., osmium) anomalies within a specific geological 
setting (Ferrière and Osinski, 2013). Shatter cones are the only macroscopic shock-
deformation feature that is diagnostic of an impact event (Dietz, 1960, 1968; French, 
1998; French and Koeberl, 2010).  
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Figure 1.2 Pressure–temperature (P–T) plot showing comparative conditions for shock 
metamorphism and normal crustal metamorphism (Osinski and Pierazzo, 2013). 
 
1.1.2 Shock Melting 
Shock melting or impact melting occurs due to decompression from high shock pressure 
and temperatures achieved during the impact cratering process (Grieve et al., 1977). 
Terrestrial field studies show that impact melt products are found within and around 
impact craters in a variety of settings (Fig. 1.3) (Osinski et al., 2013). Impact melt 
products are found in: (1) large kilometer-scale impact melt layers and/or isolated bodies 
within the crater interior and rim; (2) small, metre- to centimetre-scale, glassy particles, 
either within impact breccias or on their own, within or without the crater structure; (3) 
discrete millimetre- to centimetre-scale glassy particles (spherules, tektites or micro-
tektites) distributed regional to globally; and finally (4) centimetre- to tens of metre-scale 
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injection dykes in the crater floor and walls (Fig.1.3) (Osinski et al., 2013). The latter will 
be the focus of this investigation at the Sudbury impact structure in Ontario, Canada and 
are locally known as “Offset dykes”. 
 
Figure 1.3 Schematic diagram of a typical complex impact structure highlighting the 
common locations where impact melt-bearing materials are observed (Osinski et al., 
2013). 
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1.2 Sudbury Geology 
The Sudbury impact structure is located in central Ontario, Canada, at the city of Sudbury 
(Fig. 1.4). In 1964, Robert Dietz proposed a meteorite impact origin for the Sudbury 
structure prior to even visiting Sudbury (Dietz, 1964). He correctly predicted that shatter 
cones; the only macroscopic evidence of impact events, would be found in the footwall 
rocks surrounding the basin. The impact origin was debated for decades; however, as 
initially argued in Grieve et al. (1991), the Sudbury impact structure is generally well 
accepted to be the erosional remnant of a tectonized 200- to 250-km multi-ring impact 
basin. Precise U-Pb dating of zircon and baddeleyite of the Sudbury impact lithologies 
places its formation at 1.85 Ga during the Penokean orogeny (Krogh et al., 1996), which 
led to its elliptical deformation (Deutsch et al., 1995). The Sudbury impact structure is 
made up of three major constituents, from the centre of the structure outwards they are: 
the Whitewater Group, the Sudbury Igneous Complex (SIC) and the shocked and 
brecciated host rocks in the crater floor (Figs. 1.4 and 1.5).  
The Whitewater Group are a complex series of breccias and post-impact sediments made 
up of four conformable Formations, in ascending order, the Onaping, Vermilion, Onwatin 
and Chelmsford Formations (Figs. 1.4 and 1.5); the latter three being sedimentary in 
origin (Grieve et al., 2010). The origin of the Onaping Formation has been vigorously 
debated over the years and has been attributed to; but not limited to, a pyroclastic 
accumulation during an explosive phase of volcanism (Burrows and Rickaby, 1929), an 
impact-generated fallback breccia origin (French, 1967), a combination of fallback and 
wash-in by a tsunami-like wave (Peredery, 1972; Peredery and Morrison, 1984) along 
with several other variations of these hypothesis (Mungall et al., 2004; Ames et al., 2008, 
Coulter and Osinski, 2015). The Vermilion Formation consists of carbonate, siltstone and 
chert breccia (Martin, 1957; Stoness, 1994); which hosts Zn-Pb-Cu mineralization (Gray, 
1995). The Onwatin Formation is composed of carbonaceous mudstone and siltstone and 
the Chelmsford Formation is dominated by muddy wackes (Figs. 1.4 and 1.5) (Cantin and 
Walker, 1972; Rousell, 1972, 1984). 
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Figure 1.4 Simplified regional geologic map of the Sudbury impact structure. Modified 
from OGS bedrock mapping 1:250,000 (2003) and internal Wallbridge Mining Company 
Limited mapping. 
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Figure 1.5 Generalized stratigraphic columns for the Sudbury impact structure 
illustrating magmatic-hydrothermal Ni-Cu-PGE and hydrothermal Zn-Pb-Cu ore deposit 
environments (Ames et al., 2008). 
 
The SIC consists of four major lithological units, from outside inwards and bottom to top: 
Norite, Quartz Gabbro, Granophyre and the Upper Contact Unit (Figs. 1.4 and 1.5) 
(Naldrett, 1984; Anders et al., 2015). There is a discontinuous unit below the SIC known 
as the Contact Sublayer, which is thickest in depressions in the footwall known as 
embayments (Souch and Podolsky, 1969; Pattison, 1979; Naldrett, 1984). These 
embayment structures are characterized by abundant xenoliths and Ni-Cu-PGE sulphide 
mineralization, which often extend outwards into the Offset dykes (Grant and Bite, 
1984). As initially proposed by Grieve et al. (1991), the SIC is widely believed to be the 
erosional remnant of a differentiated impact melt sheet. The SIC is elliptical in shape at 
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surface and is ~27 by 60 km (Fig. 1.4). The present three-dimensional geometry of the 
SIC has been well constrained to a thickness of 2–3 km from over a century of mining 
and exploration. The SIC is divided into three main geographic regions: the North Range; 
which dips ~35°S, the South Range; which dips ~ 55°N in unfaulted regions and the East 
Range; which dips ~70°W (Pattison, 2009). However, major portions of the South Range 
have been tectonically tilted to near vertical with some local overturning (Pattison, 2009). 
The SIC is situated at the junction between two major Precambrian terranes: the Archean 
granite-greenstone and gneiss terrane of the Superior Province in the north and the 
Paleoproterozoic metasedimentary and metavolcanic rocks of the Huronian Supergroup 
of the Southern Province in the south (Fig. 1.4) (Dressler, 1984a). The Grenville Front is 
situated 8–16 km southeast of the SIC and represents the northwestern boundary of the 
Mesoproterozoic Grenville province (Fig. 1.4) (Brocoum and Dalziel, 1974). There are 
various types of complex breccias in the footwall; within the Superior and Southern 
provinces, which have been the subject of many publications (e.g., Fairbairn and Robson, 
1942; Speers, 1957; Card, 1978; Muir, 1981, 1983; Dupuis et al., 1982; Fedorowich et 
al., 1999; Rousell et al., 2003). Sudbury Breccia and Footwall Breccia will be discussed 
herein. 
Sudbury Breccia has been identified as Frood breccia (Yates, 1948; Zurbrigg, 1957), 
Levack breccia (Mitchell and Mutch, 1956), common Sudbury Breccia (Speers, 1957) 
and pseudotachylite (Thompson and Spray, 1994) over the past few decades. This rock 
type is generally described as a rock made up of subrounded fragments set in a fine-
grained to aphanitic matrix, which can be fragmental, recrystallized or even locally 
igneous-textured. Sudbury Breccia is observed as dykes or irregular-shaped bodies that 
vary in size from millimetre sized veins to a ~50 km breccia belt; referred to as the Frood 
belt (Yates, 1938) or more recently as the South Range Breccia Belt (Scott and Spray, 
1999, 2000). Sudbury Breccia commonly displays sharp contacts with the host rocks; 
however, a rare example of a gradational contact has been reported by Dressler et al. 
(1991). Sudbury Breccia has been reported in various concentrations at various distances 
around the SIC (Speers, 1957; Card, 1978; Dressler, 1984a; Thompson and Spray, 1994; 
Spray and Thompson, 1995; Thompson, 1996). Generally it is most abundant within a 
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distance of 5–10 km and has been reported to a maximum of 80 km from the SIC 
(Simony, 1964). A simple classification of Sudbury Breccia was proposed by Rousell et 
al. (2003) solely based on the nature of the matrix: clastic, pseudotachylite or 
microcrystalline. The most commonly accepted hypothesis on the origin of Sudbury 
Breccia is via cataclasis, comminution and possibly melting of the impact rocks during 
excavation and modification stages of the impact (Dietz and Butler, 1964; Dressler, 
1984a; Thompson and Spray, 1994; Spray and Thompson, 1995; Dressler and Reimold, 
2004; Rousell et al., 2003). 
Footwall Breccia has previously been referred to as granite breccia and leucocratic 
breccia (Pattison, 1979; Muir, 1981, 1983; Souch and Podolsky, 1969). It is described as 
a heterolithic breccia containing a variety of locally derived rock and mineral fragments 
which are angular to subrounded (Dressler, 1984a; Lakomy, 1990). It is set in a fine- to 
medium-grained matrix which is commonly light-coloured and varies from pinkish-white 
to dark grey (Dressler, 1984a; Lakomy, 1990). It is up to 150 m thick and occurs as 
discontinuous lenses and sheets along the lower contact of the SIC and is most common 
in the East and North Ranges (Dressler, 1984a; Lakomy, 1990). Inclusions of Sudbury 
Breccia are observed within the Footwall Breccia and contact metamorphism of Footwall 
Breccia by the SIC gives clear timing relationships as to its origin (Lakomy, 1990). 
Lakomy (1990) proposes the Footwall Breccia is formed after Sudbury Breccia and 
represents a part of the uplifted crater floor directly beneath the SIC. Naldrett et al. 
(1970) suggests the North Range is possibly 3–5 km higher in the crust than that of the 
South Range; due to the NW-directed upward thrusting displacement (e.g., reverse faults) 
of the South Range along the south dipping South Range shear zone (Naldrett et al., 
1970; Cowan et al., 1999; Milkereit. and Green, 1992; Riller, 2005). The Footwall 
Breccia is mostly observed in the North and East Ranges in comparison to the South 
Range and Dressler (1984) suggests that the Footwall Breccia formed along the upper 
parts of the Sudbury crater wall due to its higher location in the crust. 
1.2.1 Sudbury Ni-Cu-PGE Deposit Models 
The Sudbury impact structure hosts some of the world’s largest Ni-Cu-PGE sulphide 
deposits (Table 1.1.) (Morrison et al., 1994; Morrison, 1999; Golightly and Rousell, 
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2000; Naldrett, 2004; Ames and Farrow, 2007). Canada’s principal base metal mining 
district, Sudbury boasts a past production, reserve and resource of ~1.6 billion tonnes of 
Ni, Cu, Co, Pt, Pd, Au and Ag ore, with an estimated value of ~231 billion US dollars 
(Table 1.1) (see Naldrett, 2004). The deposits of the Sudbury impact structure can be 
simplified into four main deposit types: 1) SIC–Footwall contact deposits; 2) Footwall 
vein deposits; 3) Offset dyke deposits; and 4) sheared deposits (Fig. 1.5). Roughly two 
thirds of the deposits are located at or below the base of the SIC, with the bulk of the 
remainder in the Offset dykes and a relatively smaller proportion in the sheared deposits.  
Table 1.1 Ore resources (including that already mined), average metal concentrations in 
the ores, value of ore (US$ per tonne) and total value of ore resources (US$ billions) of 
select Ni-Cu-PGE sulphide deposits (see Naldrett, 2004). * Indicates Canadian 
deposits/camps. 
Deposit/Camp Ore 
resource 
(106 t) 
Ni  
wt% 
Cu  
wt% 
Co 
wt% 
Total 
PGE g/t 
Ore 
(US$/t) 
Total Value 
(USB$) 
Total 
Bushveld 
11549.9 0.13 0.06  5.67 90 1,040 
Noril’sk 
region 
1309.3 1.77 3.57 0.061 9.5 307 402 
Great Dyke 2574 0.21 0.14  5.42 94 241 
Sudbury* 1648 1.2 1.08 0.038 1.17 140 231 
Duluth 4000 0.2 0.6 0.019 0.66 37 148 
Thompson* 150.3 2.32 0.16 0.046 0.83 212 32 
Voisey’s Bay* 136.7 1.59 0.85 0.090 0.19 168 23 
Stillwater 32.3 0.05 0.02  24.91 239 7.7 
Raglan* 24.7 2.72 0.70 0.054 3.76 284 7.0 
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The SIC–Footwall contact deposits are located at or near the base of the SIC and below 
into the underlying footwall rocks (Fig. 5). Generally, the mineralization occurs as 
disseminated sulphides in the Sublayer; which increases in concentration downwards to 
massive- to semi-massive sulphide along the Sublayer–Footwall contact and/or into the 
underlying Footwall Breccia. The dominant deposit mineral assemblage includes 
pyrrhotite, pentlandite, chalcopyrite and magnetite. This type of deposit typically has a 
lesser amount of platinum group elements (Morrison et al., 1994; Golightly and Rousell, 
2000). Morrison et al. (1994) suggested that the mineralization in the SIC–Footwall 
contact deposits accumulated in depressions along the contact between the Sublayer and 
the brecciated Footwall.  
The Footwall deposits occur as sulphide veins; up to several metres in thickness, and 
disseminations and are typically found within zones of Sudbury Breccia up to 2 km from 
the base of the SIC (Fig. 1.5) (Péntek et al., 2008). Footwall deposits are mostly found 
within the North Range; however, some exist in the South Range (Souch and Podolsky, 
1969). Several subtypes of the Footwall deposits have been observed and different 
distributions of Ni-Cu-PGE mineralization have been denoted within them (see Farrow 
and Lightfoot, 2002). The origin of the Footwall deposits remains a debate. One model 
suggests their origin is attributed to hot, highly saline and acidic impact-induced 
hydrothermal fluids driven by the residual heat from the SIC that leached metals from the 
contact deposits and redeposited them in the brecciated Footwall (Farrow et al., 1994; 
Watkinson, 1999; Molnár et al., 2001). The others suggest an initial emplacement of 
highly fractionated sulphide liquid deeper into the Footwall with later redistribution of 
metals by later-stage hydrothermal fluids (Li and Naldrett, 1993; Jago et al., 1994; 
Morrison et al., 1994). 
The Offset dyke deposits are described in the following section 1.2.2 in more detail, as 
they are the focus of this investigation (Figs. 1.4 and 1.5). The SIC–Footwall deposits on 
the eastern side of the South Range are strongly affected by ductile shear and make up the 
sheared deposits. This style of mineralization is fault-controlled and several examples 
include the McKim Mine (Clarke and Potapoff, 1959), Lindsley Mine (Bailey et al., 
2004) and the Falconbridge and East Mines (Lochhead, 1948; Owen and Coats, 1984). 
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1.2.2 Offset Dykes 
The “Offset” dykes were first documented by Coleman (1905) who described radiating 
dykes in the Sudbury irruptive and proposed a genetic link to the SIC (Figs. 1.4 and 1.5). 
Various interpretations of the Offset dykes have been proposed over the years; including 
but not limited to: magma that escaped into the Footwall during final phases of SIC 
differentiation (Collins, 1934); pre-SIC intrusives (Burrows and Rickaby, 1935; Yates, 
1938); and the parental magma prior to SIC differentiation (Thomson, 1935). It has also 
been proposed that the Offset dykes were emplaced by a series of separate magmatic 
pulses (Morris and Pay, 1981), along with several other interpretations in conjunction 
with ongoing SIC research (Slaught, 1951; Pattison, 1979; Naldrett et al., 1972; Souch 
and Podolsky, 1969). 
The Offset dykes occur as radial, concentric and discontinuous dykes around the Sudbury 
impact structure (Fig. 1.4) and are locally known as “Quartz Diorite” (QD) (Grant and 
Bite, 1984). There are currently eighteen known Offset dykes in the Sudbury impact 
structure: eleven radial dykes (Copper Cliff, Worthington, Whistle, Parkin, Ministic, Foy, 
Cascaden, Trill, Pele (3 dykes)), five concentric dykes (Hess, McConnell and Kirkwood, 
Frood-Stobie, Vermillion, and Manchester) and two discontinuous dykes (Creighton and 
Maclennan) (Fig. 1.4) (Grant and Bite, 1984; Smith et al., 2013). The radial Offset dykes 
intersect the SIC at various angles and can extend to over 37 km into the Footwall (e.g., 
Foy (Tuchscherer, 1998)). Offset dykes vary in thickness from several hundred metres 
nearest to the SIC to only a few metres in distal portions (Tuchscherer, 1998). Concentric 
Offset dykes are continuous to sub-continuous and strike sub-parallel to the lower contact 
of the SIC (Grant and Bite, 1984). The discontinuous Offset dykes consist of relatively 
small metre- to decimetre-scale isolated lenses of QD within zones of Sudbury Breccia 
(Pattison, 2009). More recently, the Vermillion, Frood-Stobie and Kirkwood Offset dykes 
have been incorporated into a larger; ~45 km long and 10–500 m wide, arcuate zone of 
Sudbury Breccia termed the South Range Breccia Belt (SRBB)(Scott and Spray, 1999, 
2000).  
The terms Sudbury Breccia, Footwall Breccia, leucocratic breccia, radial breccia and 
mafic sulphide bearing breccia have all been used to describe breccias in and along the 
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Offset dykes that are typically mixed with the two distinct phases of quartz diorite, 
inclusion-poor Quartz Diorite (QD) and inclusion-rich Quartz Diorite (IQD) (Pattison, 
1979; Grant and Bite, 1984; Murphy and Spray, 2002). More recently, the term 
Metabreccia has been used to describe these breccias in the Offset dyke environment 
(Farrow et al., 2005; Lafrance et al., 2014a) and will be used herein to reflect modern 
nomenclature and its use in industry. Various hypotheses as to the Metabreccia’s origin 
have been proposed. It may have formed in situ along fractures (Dressler, 1984a; Grant 
and Bite, 1984; Wood and Spray, 1998). Alternatively, it could have originated as a 
Footwall Breccia that was forcefully injected into the Offset dykes (Lightfoot et al. 
1997a). Specifically for the Whistle Offset dyke, Metabreccia was recently interpreted as 
contaminated melt that formed along the SIC-basement contact and was injected into the 
Whistle Offset fault during post-impact reactivation of the fault (Lafrance et al., 2014). 
1.2.2.1 Previous work on the Parkin Offset dyke 
The Whistle-Parkin Offset dyke is a northeast–southwest trending 12 km radial Offset 
dyke located in the northeast corner of the Sudbury impact structure (Fig. 1.4). The 
Whistle segment of the dyke is connected to the SIC via a 500 m long and 250 m wide 
embayment. The Whistle extends for 1.5 km to the northeast from the embayment where 
it is then apparently displaced ~2 km to the northwest. Beyond the apparent displaced 
fault zone is the Parkin portion of the dyke, which is known for another ~10 km to the 
northeast (Fig. 1.4) (Murphy and Spray, 2002).  
The Whistle-Parkin Offset dyke is hosted in two major Precambrian terranes: the 
Archean granite-greenstone and gneiss terrane of the Superior Province and the 
Paleoproterozoic metasedimentary and metavolcanic rocks of the Huronian Supergroup 
of the Southern Province (Fig. 1.4) (Dressler, 1984). The North Range and the majority 
of the East Range of the SIC are underlain by the 2711 Ma supracrustal and intrusive 
rocks of the Levack Gneiss Complex, that have been metamorphosed to granulite-facies 
conditions (Krogh et al., 1984). The Levack Gneiss Complex is intruded by the 2642 ± 1 
Ma Cartier Batholith which is part of an Algoma suite of plutonic rocks that are likely the 
result of ~33% melting of the Levack Gneiss Complex near the peak metamorphism of 
the Kenoran Orogeny (Meldrum et al., 1997). Locally, to the north of the Cartier 
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Batholith is the 2725–2703 Ma Benny Greenstone belt (Nunes and Pyke, 1980), which is 
part of the Abitibi subprovince (Card and Innes, 1981; Meyn, 1970). The Benny 
Greenstone Belt consists of felsic to mafic metavolcanic rocks, rhyolites and feldspar- 
and quartz-feldspar porphyritic rocks in the Parkin township (Meyn, 1970). As reported 
by Meyn, (1970) and Murphy and Spray (2002) the Parkin Offset dyke penetrates the 
Bruce and Cobalt Groups of the paleoproterozoic Huronian Supergroup. The Bruce group 
consists of: quartzite, arenite and conglomerate of the Mississagi Formation, 
conglomerate and quartzite of the Bruce Formation, carbonate and interbedded siltstone 
of the Espanola Formation, and quartzite of the Serpent Formation. The Cobalt Group 
consists of well-bedded siltstone, quartzite and conglomerate of the Gowganda Formation 
and quartzite of the Lorrain Formation. 
The only previous investigations of the Whistle-Parkin Offset dyke was the regional 
Hutton and Parkin township mapping by Meyn (1970) and the PhD thesis of Murphy 
(1998), part of which was subsequently published (Murphy and Spray, 2002). 
Specifically for the Parkin Offset dyke, four rock types were observed along strike: radial 
breccia, mafic sulphide-bearing breccia, inclusion-bearing quartz diorite (IQD) and 
inclusion-poor quartz diorite (QD) (Murphy and Spray, 2002). These authors concluded 
radial cracks were formed during the initial contact-compression stage of crater 
formation. Furthermore, all of the inclusion-bearing phases were emplaced 
simultaneously via preferential forceful injection into these radial cracks during the 
excavation stage of crater formation. The QD was interpreted to have formed prior to SIC 
differentiation from a homogeneous overlying impact melt sheet. In distal portions of the 
dyke, the QD exploited weaknesses between the dyke and the country rocks while in 
more proximal locations the IQD mingled more intimately with the QD during injection 
(Murphy and Spray, 2002). 
1.2.2.2 Previous work on the Trill Offset dyke 
The Trill Offset dyke trends nearly east–west and is located on the western margin of the 
SIC adjacent to the Trill embayment structure (Fig. 1.4). Wallbridge Mining Company 
Limited discovered high-grade Ni-Cu-PGE mineralization in the Trill Offset dyke in 
2005 ~4 km west of the SIC at a location known as middle Trill. The Trill was emplaced 
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into the Archean Cartier Batholith dated 2642 ± 1 Ma (Meldrum et al., 1997) and the NW 
trending Matachewan diabase dyke swarms dated at 2473 ± 3 Ma (Heaman, 1997). The 
2711 Ma Levack Gneiss Complex (Card, 1994; Krogh et al., 1984) outcrops ~2 km to the 
north (Fig. 1.4).  
The only previous work on the Trill Offset dyke is by Klimesch et al. (2015) and was 
solely focused on middle Trill. At this location, the dyke varies in thickness between 3– 
20 m and contains four texturally distinct phases: inclusion-rich quartz diorite (IQD), 
inclusion-poor quartz diorite (QD), glassy quartz diorite (QDg) and spherulitic quartz 
diorite (SQD) (Klimesch et al., 2015). Similar to other Offset dykes in the Sudbury 
structure; the IQD phase is observed in the dyke centre with sharp to transitional contacts 
to the QD on the margins. In addition, there are inclusions of the QD phase within the 
IQD phase. The Trill contains a texturally distinct QDg and a SQD phase, which occur as 
dykelets (e.g., in narrow apothoyses) and along the margins of the Trill next to the host 
rock.  
1.2.3 Tectonics of the Sudbury Structure 
Orogenic deformation preceding, during and proceeding the 1.85 Ga impact at Sudbury 
makes for a very complex assessment of the impact-induced geological process that were 
generated by the Sudbury impact structure (Fig. 1.6) (Riller, 2005). A brief review will be 
given in chronological order on major orogenies affecting the regional host rocks and the 
Sudbury structure. The 2725–2703 Ma Benny greenstone belt (Nunes and Pyke, 1980), 
part of the Abitibi subprovince (Card and Innes, 1981), consists of felsic to mafic 
metavolcanic rocks, rhyolites and feldspar- and quartz-feldspar porphyritic rocks in the 
Parkin township (Meyn, 1970). After deposition of the Benny greenstone belt; probably 
on a basement of older sialic rocks (Nunes and Pyke, 1980), there was deformation, 
regional metamorphism and emplacement of granitic plutons of the Kenoran Orogeny 
(Card and Innes, 1981). Rb-Sr isotopic studies indicate the Kenoran Orogeny began at 
~2750 Ma and came to an end at ~2600 Ma; the ~150 Ma orogenic event displayed peak 
metamorphism at ~2734 Ma (Fig. 1.6) (Gower and Clifford, 1981). In the Sudbury area, 
the North Range and the majority of the East Range of the SIC are underlain by the 2711 
Ma supracrustal and intrusive rocks of the Levack Gneiss Complex (Fig. 1.4), which have 
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been metamorphosed to granulite-facies conditions (Krogh et al., 1984). The Levack 
Gneiss Complex is intruded by the 2642 ± 1 Ma Cartier Batholith which is part of an 
Algoma suite of plutonic rocks that could be the result of approximately 33% partial 
melting of the Levack Gneiss Complex near the peak metamorphism of the Kenoran 
Orogeny (Fig. 1.6) (Meldrum et al., 1997).  
 
Figure 1.6 Summary of geochronologic data for the Sudbury area in relation to major 
tectonic events (Ames et al., 2008). 
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The early Paleoproterzoic 2450–2219 Ma Huronian Supergroup of the Southern Province 
is a sequence of metamorphosed sediments and volcanics which represents a rift and 
passive margin sequence (Fig. 1.6) (Bennett et al., 1991). More specifically, Nesbitt and 
Young (1982) proposed that the Huronian Supergroup was deposited in an aulocogen; an 
easterly trending fault bounded trough, which opened an ocean in an area now occupied 
by the Grenville Province. The 2219 Ma Nipissing intrusions are found throughout and 
mark the minimum age for the Huronian Supergroup (Corfu and Andrews, 1986), while 
the 2450 Ma Copper Cliff rhyolite marks the initial Huronian Supergroup deposition in 
the Sudbury area (Krogh et al., 1984) along with the emplacement of the NW trending 
Matachewan diabase dyke swarms dated at 2473 ± 3 Ma (Heaman, 1997). 
Exposed along the southern margin of the SIC are the 2477 ± 9 Ma Murray (Krogh et al., 
1996) and 2415 ± 5 Ma Creighton (Smith, 2002) plutons, which were emplaced as early 
syn-rift intrusions within the volcanic rocks that mark the bottom of the Huronian 
Supergroup (Fig. 1.6) (Raharimahefa et al., 2014). The 2415–2343 Ma Blezardian 
orogeny produced a strong foliation that overprints both plutons and produced large 
anticlines and synclines in the Southern province (Raharimahefa et al., 2014).  
The 1890–1830 Ma Penokean orogeny (Van Schmus, 1976) represents a period of 
convergence that formed Laurentia. It developed in an embayment on the southern 
margin of the Superior Archean craton (Fig. 1.6) (Schulz and Cannon, 2007). In the 
Sudbury area, a deformed continental margin-foreland basin (e.g., the Huronian 
Supergroup) was thrust unconformably onto the underlying Archean basement (e.g., 
Benny Greenstone belt, Cartier Batholith and Levack Gneiss Complex). The 1.85 Ga 
Sudbury impact event took place during the middle of the Penokean orogeny which 
resulted in its elliptical deformation (Deutsch et al., 1995). As mentioned previously, the 
South Range shear zone formed and was reactivated during the Penokean orogeny, 
creating a series of northward directed reverse faults (Card, 1978; Corfu and Andrews, 
1986; Bennett et al., 1991) resulting in the North Range being higher in the crust than that 
of the South Range at current erosional levels (Naldrett et al., 1970; Cowan et al., 1999; 
Milkereit. and Green, 1992; Riller, 2005). 
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Roughly 100 Ma after the Penokean orogeny, the 1744–1704 Ma Yavapai Orogeny 
developed along the southern margin of the Southern Province as intrusions of similar 
ages that were either emplaced or accreted along this southern margin (Fig. 1.6) 
(Raharimahefa et al., 2014). The local metamorphic assemblage of the eastern Southern 
Province suggest crustal thickening occurred during the event and possibly reactivated 
the Murray fault system (Raharimahefa et al., 2014). 
The 1.7–1.6 Ga Mazatzal and Labradorian Orogenies are described as Andean-style 
accretionary tectonics along the southern margin of Laurentia, which are exposed along a 
>4000 km belt from California and Arizona to Labrador (Fig. 1.6) (Van Schmus, 1993; 
Rivers, 1997). They are characterized by amphibolite grade northwest-directed regional 
compression. A study by Bailey et al. (2004) dated titanite to a minimum age of 1590 Ma 
in shear-related fabrics that overprint the Penokean deformation in the Thayer Lindsley 
shear zone in the Southern Province south of the SIC and proposed this shearing is 
correlated to the Mazatzal and Labradorian Orogenies. 
The age of 1235–945 Ma Grenville Orogeny has been determined by the emplacement of 
the Sudbury diabase dykes that are folded and truncated by the Grenville Front (Bethune 
and Ty, 1997) and the lower 945 ± 71 Ma by the onset of upper amphibolite facies 
metamorphism in the surrounding area of the Grenvillian thrusting (Fig. 1.6) 
(Raharimahefa et al., 2014). The Grenville Orogeny resulted in northwestward thrusting 
and crustal thickening of the southern margin of the Southern Province (Davidson, 1992); 
however, had little effect on the metamorphism and geometry of the SIC (Palmer, 1977). 
The Grenville Orogeny is the last major tectonic event to affect the southern margin of 
the Southern Province (Davidson, 1992). 
The 37 ± 2 Ma Wanapitei impact structure is located ~50 km NE of the city of Sudbury 
and is not exposed, as it lies entirely within Lake Wanapitei (Grieve and Ber, 1994). The 
original crater diameter is estimated to be ~7–8 km and its impact lithologies have only 
been studied from glacial till discovered on the south side of Lake Wanapitei. Lastly, an 
estimated 5–6 km of erosion has occurred since the impact event in the parautochthonous 
basement rocks north of the SIC (Thompson et al., 1998). 
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1.3 Introduction to the Thesis 
Chapters 2 and 3 present new field, petrographic and geochemical data on the Trill and 
Parkin Offset dykes, respectively. This represents the findings from roughly 9 months in 
the field, over 3-field seasons from 2013 through 2015 along with laboratory analysis 
conducted at the University of Western Ontario, mostly at the Earth and Planetary 
Materials Analysis (EPMA) laboratory. This study provides updated regional scale maps 
created at 1:2,000 and 1:5,000 scale of both the Parkin and Trill Offset dykes; including 
an additional 1.5 km strike length to the Trill Offset dyke discovered during this work. 
Detailed 1:100 trench maps and 1 m2 grid maps of newly exposed sections of the dyke. A 
large suite of geochemistry from this study, internal data at Wallbridge Mining Company 
Limited and publically available data and finally data collected at the EPMA laboratory. 
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Chapter 2  
2 Geology of the Ni-Cu-PGE bearing Trill Offset dyke, 
Sudbury impact structure, Canada 
2.1 Introduction 
As originally proposed by Grieve et al. (1991), the Sudbury Structure in central Ontario, 
Canada, is now generally accepted as the erosional remnant of a tectonized 200- to 250-
km multi-ring impact basin. U-Pb zircon and baddeleyite dating of the impact lithologies 
places the structure’s formation at 1.85 Ga, during the Penokean Orogeny (Krogh et al., 
1996), which led to its elliptical deformation (Fig. 2.1) (Deutsch et al., 1995). The 
Sudbury impact structure is comprised of three major geologic units; from the centre of 
the structure outwards they are: the Whitewater Group, the Sudbury Igneous Complex 
(SIC) and the shocked and brecciated host rocks in the crater floor (Fig. 2.1) (Dressler, 
1984; Grieve et al., 1991). The Whitewater Group is a complex series of post-impact 
sediments and breccias (Grieve et al., 2010). The SIC is widely believed to be a 
differentiated impact melt sheet, as initially argued in Grieve et al. (1991). The Sudbury 
structure is situated at the junction of two major Precambrian terranes: the Archean 
granite-greenstone and gneiss terrane of the Superior Province in the north and the 
Paleoproterozoic metasedimentary and metavolcanic rocks of the Huronian Supergroup 
of the Southern Province in the south (Fig. 2.1) (Dressler, 1984). The Grenville Front is 
situated 8 to 16 km southeast of the Sudbury structure and represents the northwestern 
boundary of the Mesoproterozoic Grenville Province (Fig. 2.1) (Brocoum and Dalziel, 
1974). The Sudbury structure was affected by a regional impact-generated hydrothermal 
system that lasted up to ~1 Ma post impact (Ames et al., 1998), along with deformation 
and alteration from the 1.89–1.83 Ga Penokean Orogeny (Brocoum and Dalziel, 1974; 
Schulz and Cannon, 2007), 1.74–1.70 Ga Yavapai Orogeny (Raharimahefa et al., 2014), 
1.70–1.60 Ga Mazatzal-Labradorian Orogeny (Bailey et al., 2004) and the 1.24–0.95 Ga 
Grenville Orogeny (Brocoum and Dalziel, 1974). The Sudbury impact structure is host to 
some of the world’s largest Ni-Cu-PGE deposits and has been explored and mined for 
38 
 
over 130 years, thus, making new discoveries requires a detailed understanding of the 
structure. 
The SIC is elliptical in shape in plan view and is approximately 27 by 60 km (Fig. 2.1) 
and 2.5- to 3.0-km-thick (Grieve, 1994). The SIC has been divided into three main 
regions: the North Range, which dips at about 30° to 50° to the south, the South Range, 
and the East Range. The latter two dip steeply to near vertical northward and westward, 
respectively (Dressler, 1984a). There are four defined lithological units of the SIC, from 
the top downwards they are the: Upper Contact Unit (formerly the Onaping Intrusion), 
Granophyre, Quartz Gabbro and Norite (Dressler et al., 1992; Anders et al., 2015). At the 
base of the SIC there are discontinuous kilometer-scale bodies of the contact sublayer 
situated in embayment structures (Lightfoot et al., 1997b). These embayment structures 
are characterized by abundant xenoliths and Ni-Cu-PGE sulphide mineralization, which 
often extends outwards into the Offset dykes (Lightfoot et al., 1997a).  
The Offset dykes occur as radial, concentric and discontinuous dykes around the Sudbury 
impact structure (Fig. 2.1) (Grant and Bite, 1984). The rocks of the Offset dykes are 
locally known as “Quartz Diorite”; however, they vary compositionally between quartz 
monzodioritic, granodiorite and tonalite (Wood and Spray, 1998). Inclusion poor quartz 
diorite (QD) and at least two variants of inclusion rich quartz diorite (IQD) are observed 
within the Offset dykes. There are gradational contacts between pyroxene, amphibole-
biotite and biotite bearing phases, which occur with or without magnetite (Smith et al., 
2013). The majority of the disseminated to massive Ni-Cu-PGE sulphide is found within 
the IQD phase; however, mineralized examples of the QD do occur (Smith et al., 2013).  
There are now eighteen known Offset dykes surrounding the Sudbury impact structure: 
eleven radial dykes (Copper Cliff, Worthington, Whistle, Parkin, Ministic, Foy, 
Cascadian, Trill, Pele (3 dykes)), five concentric (Hess, McConnell and Kirkwood, 
Frood–Stobie, Vermillion, and Manchester) and two discontinuous dykes (Creighton and 
Maclennan) (Fig. 2.1) (Grant and Bite, 1984; Smith et al., 2013). The radial Offset dykes 
are often linked to the SIC via an embayment structure which typically contain abundant 
sulphides associated with the sublayer unit. The focus of this investigation is on the 
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recently discovered radial Trill Offset dyke (Trill) located on the western margin of the 
SIC (Fig. 2.1). Specifically, this study provides an updated geological map of the Trill 
Offset dyke, detailed geologic maps of newly exposed sections of the Trill, the first 
quantitative analysis of the inclusion population within the dyke, geochemistry and an 
analysis of sulphides within the different dyke phases. 
 
Figure 2.1 Simplified geological map of the Sudbury impact structure. Modified from 
OGS bedrock regional 1:250,000 scale maps and internal Wallbridge Mining Company 
Limited maps. 
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2.2 Previous work and geological setting of the Trill Offset 
dyke 
The Trill trends approximately east–west and is located on the western margin of the SIC 
adjacent to the Trill embayment structure (Figs. 2.1 and 2.2). Wallbridge Mining 
Company Limited (Wallbridge) discovered high-grade Ni-Cu-PGE mineralization in the 
Trill in 2005 ~4 km west of the SIC at a location known as middle Trill (Fig. 2.2B). The 
Trill was emplaced into the Archean Cartier Batholith dated 2642 ± 1 Ma (Meldrum et 
al., 1997) and the NW trending Matachewan diabase dyke swarms dated at 2473 ± 3 Ma 
(Heaman, 1997). The 2711 Ma Levack Gneiss Complex (Card, 1994; Krogh et al., 1984) 
outcrops ~2 km to the north of the dyke trend (Figs. 2.1 and 2.2).  
The only previous work on the Trill is by Klimesch et al. (2015) and was solely focused 
on the middle Trill (Fig. 2.2B). At this location, the dyke varies in thickness between 3–
20 m and contains four texturally distinct varieties of quartz diorite: inclusion-rich quartz 
diorite (IQD), inclusion-poor quartz diorite (QD), glassy quartz diorite (QDg) and 
spherulitic quartz diorite (SQD) (Klimesch et al., 2015). Similar to other Offset dykes in 
the Sudbury structure; the IQD phase is observed in the dyke centre with sharp to 
transitional contacts to the QD on the margins. In addition, there are inclusions of the QD 
phase within the IQD phase. The Trill contains a texturally distinct QDg and a SQD 
phase, which occur as dykelets (i.e. in narrow aphosyses) and along the margins of the 
Trill next to the host rock. The geochemical data used in Klimesch et al. (2015) was 
solely provided by Wallbridge (see methods for preparation methods and analysis). 
Klimesch et al. (2015) concluded that the four texturally distinct phases of the Trill were 
emplaced in three separate injection events; first the QDg and SQD followed by the QD 
and lastly the IQD. 
2.3 Methods 
Fieldwork was conducted in the summer months from 2013 to 2015 over a combined 
total of ~9 months in the Sudbury area. Field mapping was conducted via traditional style 
mapping techniques and on a high performance receiver/handheld computer GeoExplorer 
3000 from Trimble GeoXT equipped with real-time differential GPS capabilities through 
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an Omnistar subscription providing consistent ~30 cm accuracy or via traditional 
methods. One m2 grid mapping was conducted at specific locations along strike of the 
Trill. North–south trending 1 m2 grids were spray-painted onto the outcrop perpendicular 
to the east–west trending Trill at four separate localities along strike at middle Trill (Fig. 
2.2B). The 1 m2 grids were systematically mapped and inclusion abundance, lithology, 
size and orientation of the long-axis, if present, were documented and recorded. Fifty-
nine surface samples were collected. Nine diamond drill cores were inspected during this 
investigation and 38 samples were collected from the diamond drill core in order to 
collect a representative sample suite in three dimensions.  
Twenty-six samples containing little to no macroscopic inclusion content were carefully 
isolated and powdered using a T.M. Engineering LTD vibratory ring pulverizer at the 
University of Western Ontario. Subsequently the >10 g powders were analyzed by ALS 
laboratories using a 65-element complete characterization package. The package included 
a whole rock package plus carbon and sulfur by combustion furnace to quantify the major 
elements. Major and trace elements including the full rare earth element suites are 
reported from three digestions either Inductively coupled plasma atomic emission 
spectroscopy (ICP-AES): a lithium borate fusion for the resistive elements, a four acid 
digestion for the base metals and aqua regia digestion for the volatile trace elements. Pt, 
Pd and Au were analyzed by fire assay with an ICP-AES finish. Twelve duplicates, 25 
relevant lab standards and 11 blanks were analyzed for data quality assurance. This data 
was augmented by data provided by Wallbridge, which was also analyzed at ALS 
laboratories; however, macroscopic inclusions were not isolated from the samples. All 
Wallbridge samples are analyzed for a Pt, Pd and Au via fire assay with an ICP-AES 
finish. The vast majority of samples were analyzed for a 48-element package via four 
acid digestion with an ICP-AES and ICP-MS finish. Some samples were analyzed for a 
33-element package via four acid digestion with an ICP-AES finish.  
Optical microscopy work was conducted on 21 thin sections on a Nikon Eclipse LV100 
POL microscope at the Earth and Planetary Materials Analysis (EPMA) laboratory at the 
University of Western Ontario.  Backscattered electron imaging, elemental X-ray maps 
using a combination of wavelength dispersive spectrometry (WDS) and energy dispersive 
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spectrometry (EDS), and mineral identification using EDS were accomplished using the 
JEOL JXA-8530F field emission electron microprobe, also at the EPMA laboratory.  
Beam conditions for the element maps were 20 kV accelerating voltage and beam 
currents of 100–200 nA.  The pixel spacing varied from 0.2–3 µm depending on the size 
of the grain being analyzed.  EDS counting times for mineral identification were 10 
seconds, with accelerating voltages of 15–20 kV and beam currents of 20–200 nA. A 
suite of well-characterized natural and synthetic minerals and compounds were used as 
calibration standards. Micro X-ray diffraction (µXRD) was conducted for mineral 
identification in the XRD laboratory in the Earth Sciences department at the University of 
Western Ontario. One sample was run on a Bruker D8 Discover diffractometer with a 
sealed-tube Co source, theta-theta geometry, Gobel mirror parallel optics with a 100 µm 
collimated beam and general area detector diffraction system (GADDS). 
2.4 Results 
2.4.1 Field observations 
Exploration in 2013 led to the discovery of the “proximal Trill” outcrops (Figs. 2.2A and 
2.3) located ~500 m west of the SIC. In 2015, the “distal Trill” location was discovered 
~8 km west of the SIC and was extended westward an additional 1.5 km along a similar 
east–west trend (Fig. 2.2C). 
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Figure 2.2 Simplified Trill regional 1:50,000 scale geologic map displaying field site 
localities along strike: A) proximal Trill; B) middle Trill and C) distal Trill. 
 
2.4.1.1 Description of rock types 
The IQD occurs in the dyke centre (Fig. 2.5A) and is dark grey, fine-grained and contains 
abundant sub-rounded inclusions (30–60% by total volume) and sulphides (Fig. 2.5B). 
The inclusions, in order of most to least abundant are: quartz and feldspar mineral clasts, 
diabase clasts, granite clasts, and QD inclusions. The sulphides are often seen as blebby 
sulphides, stringers and semi-massive to massive sulphide (Fig. 2.5A). The QD occurs on 
the dyke margins (Fig. 2.5A) and is dark grey on the fresh surface and light grey on the 
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weathered surface, fine- to medium-grained, occasionally contains sub-rounded 
inclusions (0–10% by total volume) and blebby sulphides (Fig. 2.5B). In hand sample, 
the QD often contains distinctive acicular amphiboles that are most visible on the 
weathered surface. The QDg occurs in dyklets and on the dyke margins and is black on 
the fresh surface and can weather white, fine-grained and rarely contains local sub-
angular granitic inclusions (Fig. 2.5C). The SQD also occurs in dyklets and along the 
dyke margins and is black on the fresh surface and can weather white, fine-grained and 
displays a spherulitic texture. 
Metabreccia occurs as inclusions in the QD (Fig. 2.5E), on the dyke margins (Fig. 2.5E) 
and in the dyke centre with gradational contacts to the IQD. It is dark grey, fine-grained 
and contains abundant sub-rounded inclusions (50–80% by total volume) and sulphides 
(Figs. 2.5 F and G). The inclusions, in order of most too least abundant are as follows: 
quartz and feldspar mineral clasts, granite, gneiss, diabase and mafic clasts. The Sudbury 
Breccia occurs regionally and is occasionally observed adjacent to the Trill as dykes and 
irregular-shaped bodies. It is made up of subrounded rocks fragments of local host rocks 
and is set in a fine-grained to aphanitic black groundmass. 
2.4.1.2 Proximal Trill 
Proximal Trill (Figs. 2.2A and 2.3) trends northeast–southwest to east–west and is ~50 m 
in width. This location displays unique relationships between QD, IQD, Metabreccia, 
Sudbury Breccia and the host rocks. The QD is fine-grained (Fig. 2.5G) and displays 
irregularly shaped and sharp contacts with the Cartier Batholith host rock (Fig. 2.5E). 
Inclusions of Metabreccia are observed within the QD (Fig. 2.5E); the pods display 
irregularly shaped yet sharp contacts with the QD (Fig. 2.5G). Metabreccia also occurs 
along the dyke margins (Fig. 2.5E) and displays both sharp and gradational contacts (Fig. 
2.5F) with the QD. Sudbury Breccia occurs in the host rock adjacent to the dyke and 
displays gradational contacts with the QD and Metabreccia. IQD is not observed in this 
surface exposure; however, it is present in 3 separate diamond drill cores at 25, 50 and 
250 m depths where it is located roughly in the dyke centre. Disseminated sulphides 
occur within the QD, IQD and in the Metabreccia. Irregular veins of pyrite, pyrrhotite, 
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chalcopyrite and millerite mostly occur along the dyke margins, in the Metabreccia and 
host rocks. 
 
Figure 2.3 Proximal Trill 1:250 scale geologic map. Dashed lines denote approximate 
contacts. Abbreviation: MTBX = Metabreccia. 
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2.4.1.3 Distal Trill 
Exploration efforts during the summer of 2015 led to an extension of the Trill from ~8 to 
9.5 km west from the SIC (Fig. 2.2C). Distal Trill is currently observed in five separate 
outcrops along a near east–west strike. Interestingly, the dyke is composed entirely of the 
QD phase and is 2–3 m in width (Fig. 2.5H). The QD occasionally displays chilled 
margins with the granitic Cartier Batholith host rock. Few sulphides and inclusions, 
including only 1 granitic inclusion, have been observed at this locality. Currently, no 
outcrop of the Trill has been found between middle Trill (Fig. 2.2B) and the distal Trill 
extension (Fig. 2.2C), resulting in an inferred geometry between the known outcrops 
(Fig. 2.2); this area lies within a large topographic low. 
2.4.1.4 Middle Trill 
At middle Trill (Figs. 2.2B and 2.4) the dyke trends roughly east–west and contains two 
parallel splays ~75 m apart; giving an apparent total dyke width of nearly 100 m (Fig. 
2.4). The northern splay is ~5 m in width and is composed entirely of QD (Fig. 2.4). The 
southern splay is 5–20 m in width and four distinct rock types are observed: IQD, QD, 
SQD and QDg. Klimesch et al. (2015) observed the northern splay in the geologic map; 
however, it was not discussed in the publication. The IQD phase is located in the dyke 
centre with sharp (Fig. 2.5B) to transitional (Fig. 2.5A) contacts to the QD phase located 
towards the dyke margins. The IQD phase contains inclusions of QD, local host rocks 
and exotics such as quartz and plagioclase phenocrysts (Fig. 2.5B). The QDg and SQD 
phases are observed on the dyke margins and as dyke offshoots or dykelets. The QDg and 
SQD have gradational contacts with the QD phase and sharp contacts with the host rock 
(Fig. 2.5C). QDg and SQD are not observed as inclusions within either the QD or IQD. 
The QDg and SQD dykelets mostly trend in the northwest–southeast direction, except for 
one dykelet trending roughly east–west parallel to the larger texturally differentiated 
portion of the dyke. Sudbury Breccia is observed along the eastern side of a NW trending 
Matachewan diabase dyke in between the parallel splays (Fig. 2.4). Both the QD and IQD 
contain disseminated and stringer style sulphides; however, they are observed in higher 
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concentrations within the IQD. The dominant sulphide bleb mineral assemblage consists 
of pyrrhotite, pentlandite and pyrite with trace amounts of chalcopyrite. The IQD 
contains a massive; ~65 m long, 5 m wide and roughly 35 m in depth, sulphide lens of 
predominantly pyrrhotite, pentlandite, chalcopyrite with minor pyrite and magnetite (Fig. 
2.4). Near surface, minor violarite occurs as an oxidation product of pentlandite. Our 
field and petrographic observations for middle Trill are mostly consistent with that of 
Klimesch et al. (2015).  
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Figure 2.4 Middle Trill 1:750 scale geologic map with 1 m2 grid mapping localities T1–
T4 noted on the map. 
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Figure 2.5 A) IQD in dyke centre with QD on dyke margins next to Cartier Batholith. B) 
Inclusion of QD within IQD and showing sharp contact between phases. C) QD grading 
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into QDg dyklet trending 302°. D) Exotic plagioclase phenocrysts within IQD. Sixeen cm 
scale bar indicating north. E) Trill east trench showing pods of metabreccia within the 
QD and metabreccia along dyke margin. Note field assistant on left side for scale. F) QD 
intruding into marginal metabreccia. G) Irregularly shaped metabreccia pods in the QD 
with sharp contacts. H) One of 5 known Distal Trill outcrops, displaying only the QD 
phase. 16 cm scale bar indicating north and shovel for scale. 
 
One m2 grid mapping was conducted at 4 separate localities along middle Trill (Fig. 2.4). 
The grids were set up along a north–south trend in order to cross cut the east–west 
trending dyke (Figs. 2.4 and 2.6A). The grids were systematically mapped for inclusion 
abundance, lithology, size and orientation of the long-axis, if any. The results show the 
inclusion size is dominantly in the 0.5–6.4 cm range and decreases in size and abundance 
towards the west (Fig. 2.6C). A total of 642 inclusions were documented within the 1 m2 
grids and 98 or 15 % of which had a measurable long-axis orientation. The orientation of 
the long axis of the inclusions varies along strike but is ≤ 14° with the local orientation of 
the dyke (i.e. near parallel with the E–W trending dyke) (Fig. 2.6A). Four types of 
inclusions were observed along strike; all of which display sharp contacts with the IQD 
groundmass, in order of most to least abundant: feldspar and quartz mineral clasts, 
granitic clasts, diabase clasts, and QD clasts (Fig. 2.6B). The highest abundance of 
diabase inclusions is observed in T4, which is located ~25 m west of a NW trending 
Matachewan diabase dyke in the host rocks. The number of blebby sulphides was also 
counted in each 1 m2 grid and increase towards the west (Fig. 2.6D). Interestingly, T1 
shows the highest number of blebby sulphides and the dyke is wider here at 10 m, while 
T2 has the lowest number of blebby sulphides and is the narrowest at 7 m. Additionally, a 
lens of massive Ni-Cu-PGE mineralization is observed within the IQD and is located 
nearest to T1 (~10 m west) (Fig. 2.4). 
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Figure 2.6 A) North–south trending 1 m2 grids across the east–west trending middle 
Trill. Rose diagrams displaying the orientation of the long axis of the inclusions in their 
corresponding 1 m2 grids from south–north. B) Variation of inclusion type across middle 
Trill from west–east. C) Variation of inclusion size across middle Trill from west–east. 
D) Number of blebby sulphides across middle Trill from west–east. 16 cm scale bar 
indicating north for scale. 
2.4.2 Petrographic observations 
The QD is fine grained at proximal Trill (Fig. 2.5G) and medium-grained at middle Trill 
(Fig. 2.5B) and Distal Trill (Fig. 2.5H). At all localities, the QD is equigranular and its 
primary mineralogy consists of euhedral plagioclase feldspar, euhedral and aciciular 
amphiboles (typically altered to biotite and/or chlorite), potassium feldspar, quartz and 
granophyric intergrowths of quartz and orthoclase. Accessory minerals include biotite, 
chlorite, epidote, ilmenite, apatite, titanite and sulphides (Fig. 2.7B). The IQD 
groundmass is fine-grained, equigranular and displays the same modal mineralogy to that 
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of the QD (Fig. 2.7A). The QDg is very fine-grained, equigranular and its primary 
mineralogy consists of acicular pyroxene and plagioclase feldspar with accessory 
potassium feldspar, amphibole, quartz, biotite, chlorite and epidote (Fig. 2.7D). The SQD 
is also very fine-grained and displays the same mineralogy as the QDg phase; however, it 
displays a spherulitic texture (Fig. 2.7C). Metabreccia has a fine-grained and equigranular 
textured groundmass. Its primary mineralogy is composed of quartz, potassium feldspar, 
plagioclase feldspar, and biotite. Accessory minerals include amphiboles; typically 
altered to chlorite, biotite, calcite, epidote, chlorite and sulphides. 
 
Figure 2.7 A) BSE image of the IQD groundmass with euhedral hornblende. B) BSE 
image of the QD groundmass displaying skeletal hornblendes. C) BSE image of the SQD 
groundmass highlighting the spherulitic textures. D) BSE image of the very fine grained 
QDg groundmass. 
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2.4.2.1 Sulphides 
The sulphides of the Trill consist of massive to semi-massive sulphide, disseminated 
blebs and/or veinlets in the IQD, QD, Metabreccia and occasionally host rock (Fig. 
2.5A). The dominant massive sulphide mineral assemblage consists of pyrrhotite, 
pentlandite and chalcopyrite with trace amounts of pyrite, galena, titanite, magnetite and 
chromite (Figs. 2.8 B–F). The pyrrhotite and chalcopyrite are massive and make up the 
bulk of the massive sulphide. The pyrrhotite often displays nickeliferous rims (Figs. 2.8 
B–F). The pentlandite occurs as irrengular shaped grains in the pyrrhotite (Fig. 2.8E). 
The dominant sulphide bleb mineral assemblage consists of pyrrhotite, pentlandite and 
pyrite with trace amounts of chalcopyrite (Fig. 2.8A). PGEs are most often found in 
rounded grains as PGE bismuth tellurides: michenerite (Pd-Bi-Te), merenskyite (Pd-
Pt)(Bi-Te)2 and maslovite (Pt-Bi-Te), which are found within pyrrrhotite, pentlandite and 
pyrite (Figs. 2.8 D and E) in both the IQD and QD. Michenerite (Pd-Bi-Te) is 
occasionally observed within pyrite and metamorphic actinolite and epidote (Fig. 2.8F). 
Additionally, PGEs are found within braggite (Pt-Pd-Ni)S, which is observed in 
association with pyrrhotite and chromite (Fig. 2.8B) in IQD. Braggite was determined 
from its polymorph cooperite via µXRD. Niggliite (Pt-Sn) has been observed within 
pyrite and chalcopyrite within pyrrhotite (Fig. 2.8C) in IQD.  
Ni, Cu, Pt, Fe, S, Zn, As, Co and Mg elements maps were created of pyrite within all of 
the texturally distinct Trill phases. At least two types of pyrite are present; a pyrite that 
displays concentric, oscillatory zoning and a pyrite that does not. The pyrites studied 
within the IQD were from a zone of massive mineralization. Maps were created of both 
individual pyrite crystals (Fig. 2.9E) and of pyrite clusters (Fig. 2.9A), all of which 
display distinct concentric oscillatory zoning of Co. Zonation patterns were not observed 
within the pyrite studied in the QD; one of which was from a blebby sulphide and the 
other was an individual pyrite crystal within the QD groundmass. All 3 pyrites studied in 
the QDg groundmass display oscillatory Co and Ni zonation (Figs. 2.9 C and D). Three 
of 4 pyrites studied in the SQD groundmass display Co zonation, specifically a Co rich 
core and rim (Fig. 2.9B). None of the pyrites displayed Pt zonation. Cr, Ti, As, Co, Cu, 
Fe, Ni, Pd, Pt and S elements maps were created of the Braggite observed within the Trill 
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IQD. Interestingly, the Pd (Fig. 2.9F) and S show a direct correlation with observed 
zonation patterns and the Pt shows an inverse correlation (i.e. areas elevated in Pd and S 
are depleted in Pt and vice versa). 
 
Figure 2.8 A) BSE image of a typical sulphide bleb within the Trill QD. B) BSE image 
of braggite (Pt-Pd-Ni)S within pyrrhotite displaying a nickeliferous rim in association 
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with chromite in IQD. C) BSE image of niggliite (Pt-Sn) in chalcopyrite and pyrite 
within pyrrhotite displaying a nickeliferous rim in IQD. D) BSE image of a rounded Pd-
Pt-Bi-Te grain in the nickeliferous rim of pyrrhotite in IQD. E) BSE image of a rounded 
Pd-Bi-Te in an irregularly shaped pentlandite within pyrrhotite displaying a nickeliferous 
rim in IQD. F) BSE image of a rounded Pd-Bi-Te within pyrite and chalcopyrite, which 
is rimmed by epidote and actinolite in QD. Abbreviations: py = pyrite, ccp = 
chalcopyrite, po = pyrrhotite, pn = pentlandite, chr = chromite, act = actinolite and ttn = 
titanite. 
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Figure 2.9 A) Relative cobalt abundance map of a pyrite cluster in a massive sulphide 
lens in the IQD. B) Relative cobalt abundance map of pyrite in the SQD groundmass. C) 
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Relative cobalt abundance of pyrite in the QDg groundmass. D) Relative Ni abundance 
map of the same pyrite as observed in Fig. 2.8C. E) Relative Co abundance map of pyrite 
in a massive sulphide lens in the IQD and the same pyrite as observed in Fig. 2.8C. F) 
Relative Pd abundance map of braggite in a massive sulphide lens in the Trill IQD. 
 
2.4.3 Geochemistry 
The purpose of the geochemical portion of this study was to characterize and compare the 
texturally distinct Trill phases, to compare the average composition of the Trill along 
strike, to define the spatial distribution of the Ni-Cu-PGE mineralization and its 
association with the dyke phases and, finally, to investigate a potential geochemical 
source for the Trill. We performed analysis of 26 samples from all dyke phases at various 
localities from surface and from drill core that were free of macroscopic inclusions. This 
dataset was amalgamated with geochemical data provided by Wallbridge Mining 
Company Limited. We then compared this data with other previous data for the Trill 
from Klimesch et al. (2015), data for the SIC from Therriault et al. (2002) and the Cartier 
Batholith from Meldrum et al. (1997).  
2.4.3.1 Geochemistry of dyke phases 
Results show that the QD, IQD, SQD and QDg phases of the Trill are generally quite 
homogeneous in terms of major oxides (Fig. 2.10), large ion lithophile elements (LILE) 
(Fig. 2.11A), rare earth elements (REE) (Fig. 2.11A) and high field strength elements 
(HFSE) (Fig. 2.11A). In more detail, minor variations are observed between the mean 
and median of the dyke phases; however, these values are within 95% of the variance of 
the data for all elements (Fig. 2.10). The QD and IQD display most of the variance, as 
seen by the larger whiskers in Figure 2.10. Roughly 83% of the Trill samples fall within 
the Diorite field of a TAS plutonic total alkalis (Na2O and K2O) versus silica (SiO2) 
general igneous rock classification diagram (Middlemost, 1994).  
The IQD is enriched in MnO, Pb and U and depleted in TiO2, Al2O3, P2O5, Ti and all 
REE, the QD is enriched in Rb, and the SQD is enriched in Zr, Hf and all REE in 
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comparison to the other phases when free of macroscopic inclusions (Figs. 2.10 and 
2.11A). The La/Sm ratio varies from 5.2 to 7.6 with a mean value of 6.5. The spider 
diagrams (Figs. 2.11 A, C and D) show that the composition of the average Trill is most 
similar to that of the average Felsic Norite from Lightfoot et al. (1997b);. The average 
Trill is relatively intermediate between the composition of the Granophyre and Sublayer 
(Fig. 2.11C). The Trill is least similar to its host rocks; Cartier Batholith and Matachewan 
diabase (Fig. 2.11C). The geochemistry of the mafic clasts in the IQD is most similar to 
the Matachewan diabase, including distinctive depletion in Zr and Hf and enrichment of 
Ti and Nb (Fig. 2.11C). The mafic clast extended REE pattern appears to have lower 
concentrations than that of the average Matachewan diabase; however, the Matachewan 
diabase geochemistry is quite variable and includes very similar values to that of the 
mafic clasts (Fig. 2.11F). This observation was previously unrecognized by Klimesch et 
al. (2015). 
 
Figure 2.10 Tukey Box plots for all major oxides for the Trill phases. The central box 
displays the middle 50% of the data, the line in the box represents the median and the 
circle in the box is the mean. The whiskers display the extent of 95% of the data and the 
circles outside of the box represent outliers within the remaining 5% of the data. 
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Figure 2.11 A) Average Felsic Norite normalized spider diagram of the Trill phases. B) 
Ce/Yb vs. Ba plot displaying dyke phases and all host rocks. Closed circles indicate data 
from this study. C) Average Felsic Norite normalized spider diagram displaying potential 
geochemical sources for the Trill. D) Average Felsic Norite normalized spider diagram 
displaying the average Trill at the three main localities along strike. Abbreviations: 
MDIA = Matachewan diabase. 
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2.4.3.2 Geochemistry along strike 
All Trill phases are combined and compared along strike from the three main study 
localities: proximal Trill, middle Trill and distal Trill. The Trill is generally quite 
homogeneous along strike in terms of major oxides (Fig. 2.12), LILE (Fig. 2.11D), REE 
(Fig. 2.11D) and HFSE (Fig. 2.11D). Small differences are observed between the mean 
(e.g., circle in the box in Fig. 2.12) and the median (e.g., line in the box in Fig. 2.12) 
along strike; however, are typically within the middle 50% of the data (e.g., box in Fig. 
2.12). Proximal Trill displays enrichment in MnO and U and depletion in TiO2, Al2O3, 
P2O5 and Ti in comparison to the other localities (Figs. 2.11D and 2.12). Proximal Trill 
and middle Trill display La/Sm ratios of ~6.6 while the distal Trill is 5.6. 
 
Figure 2.12 Tukey Box plots for all major oxides of the Trill along strike. The central 
box displays the middle 50% of the data, the line in the box represents the median and the 
circle in the box is the mean. The whiskers display the extent of 95% of the data and the 
circles outside of the box represent outliers within the remaining 5% of the data. 
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2.4.3.3 Ni, Cu, Pt, Pd and S distribution 
The metal abundance of the Trill phases was compared to determine whether the 
mineralization is associated with a specific phase. Similar to other Offset dykes, the 
highest abundance of Ni and Cu mineralization is observed within the central IQD phase 
(Figs. 2.13 A–C). Additionally, the QD displays a relatively high abundance of Ni and Cu 
mineralization while the SQD and QDg are relatively depleted (Fig. 2.13 A–C). The 
Cu/Ni ratio varies from 0.4 to 5.0 with a mean value of 1.0; the sample with a Cu/Ni ratio 
of 5.0 is located in the pod of massive mineralization at middle Trill (Fig. 2.4). There is 
an overall westward decrease in Ni, Cu, Pt, Pd, S and Cu/Ni; however, both middle Trill 
and Proximal Trill display relatively high Ni-Cu-PGE grades. Figure 2.13D shows the 
variation in Ni/S vs. Cu/S, where circle size reflects S abundance and the regression lines 
are shown for all dyke phases. Generally, there is a positive correlation between Ni/S and 
Cu/S ratios within the Trill (Fig. 2.13E). In more detail, the regressions lines show that 
the IQD displays a higher affinity towards Ni/S while the QD shows a higher affinity 
towards Cu/S (Fig. 2.13E). 
 
Figure 2.13 A-D) Tukey box plots displaying Ni, Cu, S and Cu/Ni abundance for all Trill 
phases. The central box displays the middle 50% of the data, the line in the box 
represents the median and the circle in the box is the mean. The whiskers display the 
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extent of 95% of the data and the circles outside of the box represent outliers within the 
remaining 5% of the data. D) Variation in Ni (ppm) / S (%) vs. Cu (ppm) / S (%) for the 
Trill, where circle size is proportional to S content (group intervals; smallest to largest: 1 
= <0.05 %; 2 = 0.05–0.11 %; 3 = 0.12–0.17 %; and 4 = 0.18–7.54 %. Regression lines are 
shown with corresponding colours to that of the legend. 
2.5 Discussion 
2.5.1 Comparison of dyke phases 
Four distinct varieties of “quartz diorite” are observed within the Trill Offset dyke. On a 
macroscopic scale, they are quite distinct: the IQD typically occurs in the dyke centre 
(Fig. 2.5A), is fine-grained (Fig. 2.7A) and contains abundant sub-rounded inclusions 
(30–60 % by total volume) (Figs. 2.5 B and D). The QD typically occurs on the dyke 
margins (Fig. 2.5A), is fine- to medium-grained (Fig. 2.7B) and contains few inclusions 
(0–10 % by total volume) (Figs. 2.5 B, C, E, G and H). The QDg occurs in dyklets and on 
dyke margins (Fig. 2.5C), is fine-grained (Fig. 2.7D) and rarely contains sub-angular 
inclusions (Fig. 2.5C). The SQD occurs in dyklets and on dyke margins, is fine-grained 
and displays a spherulitic texture (Fig. 2.7C). The sulphides are most abundant within the 
IQD and range from blebby to massive sulphide (Fig. 2.5A), while few blebby sulphides, 
stringers and small veins are observed within the QD. The IQD and QD contain the same 
modal mineralogy (Fig. 2.7 A and B). The QDg and SQD also contain the same modal 
mineralogy (Figs. 2.7 C and D). Metabreccia occurs as inclusions in the QD (Figs. 2.5 E 
and G), on the dyke margins (Fig. 2.5E) and in the dyke centre with gradational contacts 
to the IQD. It is dark grey, fine-grained and contains abundant sub-rounded inclusions 
(50–80% by total volume) and sulphides (Figs. 2.5 F and G). 
The Trill phases are geochemically quite homogeneous in comparison to each other 
(Figs. 2.10 and 2.12A). Minor variations in the mean and median are observed for some 
elements between the dyke phases (see section 2.4.3.1). We consider three possible 
mechanisms to account for these minor variations: 1) the data represents the primary 
geochemistry of the rocks, in which case the phases were not geochemically 
homogenous; 2) contamination by inclusions during sample preparation has affected the 
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whole rock geochemistry; and/or 3) post-impact alteration has affected the geochemistry 
of a particular phase(s). Regional greenschist facies metamorphism has been well 
documented in the Sudbury area (Ames et al., 1998); however, alteration has not been 
observed to favour one Offset dyke phase over another. Therefore, we now consider 
options 1 and 2. 
The Cartier Batholith displays high Ce/Yb values; as reported by Meldrum et al. (1997) 
and the Matachewan diabase displays low Ce/Yb values (Fig. 2.11B). The data collected 
as part of this study free of macroscopic inclusions shows low Ce/Yb values for all 
samples, except for one outlier in the IQD and one outlier in the QD (Fig. 2.11B). Cartier 
Batholith inclusions are observed in the IQD and QD and, therefore, these two outliers 
are attributed to inclusion contamination during sample preparation in the whole rock 
geochemistry. The rest of the data, therefore, represents minor changes in primary 
geochemistry of the dyke phases: the IQD is enriched in MnO, Pb and U and depleted in 
TiO2, Al2O3, P2O5, Ti and all REE, the QD is enriched in Rb, and the SQD is enriched in 
Zr, Hf and all REE in comparison to the other phases (Figs. 2.10 and 2.11A). 
2.5.2 Variation along strike 
The 1 m2 grid mapping at middle Trill shows that the overall number of inclusions (Fig. 
2.6B) and the average size of inclusions decreases westwards (Fig. 2.6C). The highest 
abundance of diabase inclusions is observed in T4 (Fig. 2.6B); which is interestingly ~20 
m west of a NW trending Matachewan diabase dyke in the host rocks (Fig. 2.4). The 
geochemistry of one diabase inclusion was taken and it displays many similarities to the 
Matachewan diabase geochemistry (Fig. 2.11C). We interpret these observations as 
evidence for the westward (e.g., outwards) transport of inclusions away from the SIC; 
similar observations were made at the Worthington Offset dyke (Lightfoot and Farrow, 
2002). A total of 642 inclusions were documented in the 1 m2 grids and only 98 or 15 % 
of which had a measurable long-axis orientation. The inclusions that do display a 
measurable long-axis orientation are orientated near parallel (≤14°) with the local 
orientation of the dyke (Fig. 2.6A). Thus, the vast majority (85 %) of inclusions are well 
rounded and are interpreted herein to a turbulent injection. The inclusions that displayed a 
long-axis orientation were aligned with the general flow direction of the dyke (e.g. 
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outwards); however, this does not preclude a downwards component to the flow direction 
in addition to the outwards component. 
 The number of sulphides increases westwards (Fig. 2.6D) at middle Trill and 
interestingly, a lens of massive mineralization is located nearest (~10 m west of T1) to 
the highest number of sulphides observed. The dyke is noticeably wider at T1 (~10 m) in 
comparison to T4 (~7 m); indicating that mineralization occurs preferentially where the 
dyke widens. Similar observations have been made at the Worthington Offset dyke 
(Lightfoot and Farrow, 2002); however, the dyke is much wider at the Worthington and 
widens from 20–30 m to 50–80 m in mineralized sections. 
The three localities studied along strike of the Trill display differences in phases and 
phase relationships. QD, IQD, Sudbury Breccia and Metabreccia are observed at the 
proximal Trill; QD, IQD, SQD, QDg and Sudbury Breccia are observed at middle Trill; 
and only QD has been observed at distal Trill. The QD is common at all localities; 
however, is finer grained nearer to the SIC and coarser grained in more distal sections. 
Interestingly, the finer grained nature of the QD at proximal Trill suggests the dyke 
cooled more quickly at the locality nearest to the SIC. To our knowledge, the absence of 
IQD within QD at a distal portion of an Offset dyke has not been previously made. 
IQD was not observed at distal Trill and could be explained by either: A) the IQD has yet 
to be observed or B) the IQD dissipates along strike. It is possible that a parallel splay of 
IQD, QD, SQD and QDg has yet to be found at distal Trill, similar to the middle Trill 
dyke morphology (Fig. 2.4); however, our current exploration would suggest otherwise. 
Therefore, the observations suggest the IQD dissipates along strike somewhere between 
middle Trill (~4 km) and the distal Trill (~8 km). Interestingly, similar observations are 
made in flow differentiation experiments by Bhattacharji and Smith (1964).  IQD is 
observed in other Offset dykes beyond 8 km and this is likely the result of faster 
emplacement velocities; in comparison to the Trill, as solid particles (e.g. IQD) are 
observed in more distal sections during faster emplacement velocities (Bhattacharji and 
Smith, 1964). These observations; however, have not been proposed for the multiple 
injection hypothesis (Rickard and Watkinson, 2001; Lightfoot and Farrow, 2002; 
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Klimesch et al., 2015). To account for these observations, the second injection event (i.e. 
IQD) may not have been as forceful as the first, resulting in the IQD dissipating along 
strike. 
Proximal Trill displays enrichment in MnO and U and depletion in TiO2, Al2O3, P2O5 and 
Ti in comparison to the other localities (Figs. 2.11D and 2.12). Despite the two samples 
that display inclusion contamination during sample preparation (Fig. 2.11B), we attribute 
these minor changes to differences in primary geochemistry along strike the Trill. 
Interestingly, enrichment in MnO and U and depletion in TiO2, Al2O3, P2O5 and Ti are 
common in the IQD and proximal Trill. Therefore, the primary geochemistry of all dyke 
phases and at all localities is quite homogeneous, despite some minor variations in the 
IQD at proximal Trill. 
2.5.3 Cross-cutting relationships 
The QD is observed both intruded into the Metabreccia (Fig. 2.5F) and Metabreccia is 
observed as irregularly-shaped inclusions within the QD (Fig. 2.5E). These observations 
suggest that the Metabreccia formed prior to the QD. This observation and interpretation 
is in agreement with a recent study of Metabriaccia at the Whistle Offset dyke (Lafrance 
et al., 2014). Gradational contacts are observed between the Metabreccia and Sudbury 
Breccia and are interpreted to suggest these rock types were emplaced at similar times; 
however, it seems likely the Sudbury Breccia formed first. The QD is observed as 
inclusions within the IQD (Fig. 2.5B), which has been observed at other Offset dykes 
(Lightfoot and Farrow, 2002; Murphy and Spray, 2002). The contact between the QD and 
IQD is both sharp (Fig. 2.5B) and gradational (Fig. 2.5A). QDg and SQD display 
gradational contacts with the QD (Fig. 2.5C) and are not observed as inclusions within 
the QD or IQD. They are remarkably homogenous in terms of major oxides (Fig. 2.10), 
LILE (Fig. 2.11A), REE (Fig. 2.11A) and HFSE (Fig. 1.11A) and are almost identical in 
composition to the QD (Figs. 2.10 and 2.11A). Due to these observations, we interpret 
the QDg and SQD to be a rapidly quenched QD on dyke margins and in dyklets as 
reported and interpreted at other Offset dykes (e.g., Copper Cliff, Worthington, Whistle, 
Foy, Kirkwood, McConnell and Manchester (Grant and Bite, 1984)). This is in contrast 
to Klimesch et al. (2015) who suggested the QDg and SQD were emplaced during a 
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separate injection event, prior to the QD and IQD. This interpretation is largely based on 
whole-rock geochemistry provided by Wallbridge. As noted above, this data is derived 
from large samples that included clasts, such that the data does not truly represent the 
composition of the QD phases. Our compiled dataset shows these variations in Ce/Yb are 
attributed to inclusion contamination during sample preparation (Fig. 2.11B) rather than 
primary geochemistry of the dyke phases. This is largely due to the fact that no one 
particular dyke phase is elevated or depleted in Ce/Yb; rather few outliers are observed 
from both IQD and QD (Fig. 2.11B). 
2.5.4 Ni-Cu-PGE mineralization 
The sulphides of the Trill Offset dyke consist mostly of massive to semi-massive 
pyrrhotite, pentlandite and chalcopyrite sulphide (Figs. 2.8 B–F), disseminated pyrrhotite, 
pentlandite and pyrite blebs (Fig. 2.8A) and/or pyrite, pyrrhotite, chalcopyrite and 
millerite veinlets in the IQD, QD, Metabreccia and occasionally host rock. Ni, Cu, Pt, Pd, 
S and Cu/Ni ratios are elevated within the IQD (Figs. 2.13 A–D) and more proximal to 
the SIC (e.g., at Middle Trill and Proximal Trill). The IQD displays a higher affinity 
towards Ni/S in comparison to the QD (Fig. 2.13E), which corresponds directly to the 
pyrrhotite- and pentlandite-rich nature of the massive sulphide in the IQD in comparison 
to the more chalcopyrite-rich veinlets in the QD; also observed at the Worthington Offset 
dyke (Lightfoot and Farrow, 2002). Our data shows Ni/S and Cu/S have a positive 
correlation; which is opposite to the negative correlation observed at the Worthington 
Offset dyke (Lightfoot and Farrow, 2002). 
At least two generations of pyrite have been recognized within the Sudbury structure, an 
early forming pyrite that exsolved from the monosulphide solid solution (MSS) (Hawley 
and Stanton, 1962; Naldrett and Kullerud, 1967; Craig and Solberg, 1999) and pyrite that 
formed from the alteration of MSS by late magmatic/hydrothermal fluids (Farrow and 
Watkinson, 1992; Naldrett et al., 1999; Vanden Berg and Krstic, 2005). The first 
generation of pyrite displays distinctive concentric, oscillatory zoning of IPGE, Pt, Co 
and As and is interpreted to have exsolved from the MSS with the zoning formed during 
its growth (Dare et al., 2011; Craig and Solberg, 1999). The second generation of pyrite 
is unzoned and is interpreted to have formed by the alteration of MSS by late 
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magmatic/hydrothermal fluids (Dare et al., 2011; Craig and Solberg, 1999). We have 
observed at least two generations of pyrite in the Trill; a pyrite, which displays 
concentric, oscillatory zoning, and a pyrite that does not. All pyrite observed within the 
massive zone of mineralization displays distinct concentric oscillatory zoning of Co 
(Figs. 2.9 A and E), indicating the associated mineralization was also exsolved from the 
MSS; (e.g. Hawley, 1962). 
Michenerite (Pd-Bi-Te) is occasionally observed within pyrite and rimmed by 
metamorphic actinolite and epidote (Fig. 2.8F), suggesting some minor remobilization of 
palladium. 
PGEs are most often found in rounded grains as PGE bismuth tellurides (Pd-Bi-Te (Fig. 
2.8E), Pd-Pt-Bi-Te (Fig. 2.8D) and Pt-Bi-Te), in braggite (Pt-Pd-Ni)S (Fig. 2.8B) and 
niggliite (Pt-Sn) (Fig. 2.8C). Pt zonation was not observed in pyrite in the Trill as 
reported at other localities in the Sudbury structure (Dare et al., 2011; Craig and Solberg, 
1999). Braggite (Cabri et al., 1978) and niggliite (Shelton et al., 1981) have been studied 
experimentally and form at magmatic temperatures at or above 1000°C; further 
supporting the magmatic origin for the Ni-Cu-PGE mineralization. Figure 2.8F shows 
michenerite (Pd-Bi-Te) within pyrite rimmed by metamorphic actinolite and epidote and 
suggests some later stage remobilization of palladium. Thus, the PGE were exsolved 
from the MSS and remobilized during some later stage hydrothermal alteration; as has 
been shown elsewhere in the Sudbury structure (Farrow and Watkinson, 1997). 
2.5.5 General emplacement history 
These observations lead us to the following formational history for the Trill. The 
Metabreccia was emplaced first and only most proximal to the SIC (≤4 km); it’s exact 
extent is currently unknown. The QD was emplaced afterwards; however, the 
Metabreccia was likely still hot as the QD appears to intrude into its groundmass (Fig. 
2.5F) and the Metabreccia inclusions within the QD have a fluidal morphology (Fig. 
2.5E). The QD was rapidly quenched against the host rocks, resulting in the formation of 
the texturally distinct SQD and QDg phases, accounting for the spherulitic devitrification 
textures (Fig. 2.7C) and general fine-grained nature of the SQD and QDg (Figs. 2.5C, 2.7 
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C and D). Furthmore, the skeletal amphiboles within the QD phase would suggest it was 
rapidly cooled. Simultaneously or contemporaneously, the IQD was emplaced in the dyke 
centre and eventually dissipates somewhere from 4–8 km along strike. The fine-grained 
nature of the IQD also suggests it crystallized relatively quickly, likely due to the high 
abundance on inclusions. Lastly, the two parallel splays of the Offset dyke at middle Trill 
require explanation. Two hypothesis are considered herein, first a large granite clast is 
hosted within the dyke making it ~100 m in diameter or alternatively, middle Trill 
resembles the morphology of a large-scale en echelon dyke. Regardless, this morphology 
hosts massive sulphide and appears to favour Ni-Cu-PGE mineralization (Fig. 2.4). 
2.6 Conclusions 
Regional exploration by Wallbridge Mining Company Limited has led to several Offset 
dyke Ni-Cu-PGE discoveries over the past decade, including the discovery and extension 
of the Trill. The Trill offers unique phases and phase relationships not seen at other 
Offset dykes and are summarized herein: 
1. Four texturally distinct varieties of Quartz Diorite (e.g., IQD, QD, QDg and SQD) 
are observed at middle Trill and display minor differences in primary 
geochemistry. 
2. Middle Trill displays two parallel splays of the Offset dyke roughly 75 m apart 
(Fig. 2.4), which resembles either a large-scale en echelon dyke or there is a large 
granitic clast within the dyke. Regardless, the change in dyke morphology favors 
Ni-Cu-PGE mineralization.  
3. Irregularly shaped inclusions of Metabreccia are observed within the QD (Fig. 
2.5E) and the QD appears to intrude the Metabreccia groundmass (Fig. 2.5F) 
indicating the Metabreccia formed prior to the QD. 
4. SQD and QDg are not observed as inclusions within either the QD or IQD and are 
geochemically indistinguishable to the QD; therefore are interpreted to represent a 
rapidly quenched QD as observed and interpreted at other Offset dykes. 
5. QD is observed as inclusions within the IQD (Fig. 2.5B). Both gradational (Fig. 
2.5A) and sharp contacts (Fig. 2.5B) are observed between the IQD and QD. 
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6. For the first time, we show that the IQD dissipates along strike somewhere from 
4–8 km at Trill. Interestingly, similar observations are made in flow 
differentiation experiments with slower emplacement velocities. 
7.  There is an overall decrease in the number (Fig. 2.6B) and size (Fig. 2.6C) of 
inclusions in the IQD westwards (Fig. 2.6B), along with a high abundance of 
diabase inclusions ~20 m west of a NW trending Matachewan diabase dyke in the 
host rocks (Fig. 2.6B) at middle Trill. This is interpreted to suggest the inclusions 
are moving more distal from their source towards the west; however, it is 
important to note this does not preclude a downwards component in flow 
direction. 
8. At Middle Trill 15% of inclusions had a measurable long-axis orientation ≤ 14° 
with the local dyke orientation (Fig. 2.6A). These data are used as evidence to 
suggest the dyke was turbulent during emplacement and that the inclusions with a 
long-axis orientation were orientated near parallel with the general flow direction 
of the dyke (e.g. outwards). 
9. Ni-Cu-PGE mineralization is most abundant to distances of at least 4 km from the 
SIC and in the central IQD phase. The Co-zoned pyrite, braggite and niggliite are 
used as evidence to suggest the mineralization was exsolved from the MSS with 
some later-stage remobilization of the PGE. 
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Chapter 3  
3 New investigations of the Ni-Cu-PGE bearing Parkin Offset 
dyke, Sudbury impact structure, Canada 
3.1 Introduction 
The Sudbury impact structure in Ontario, Canada is now widely accepted as the erosional 
remnant of a tectonized 200- to 250-km multi-ring impact basin, as originally argued by 
Grieve et al. (1991). Precise U-Pb zircon and baddeleyite dating of the impact lithologies 
place its formation at 1.85 Ga, during the Penokean Orogeny (Krogh et al., 1996), which 
can account for its elliptical deformation (Deutsch et al., 1995). The Sudbury structure is 
composed of three major geologic units, from the centre of the structure outwards they 
are: the Whitewater Group, the Sudbury Igneous Complex (SIC) and the shocked and 
brecciated host rocks of the crater floor (Fig. 3.1) (Dressler, 1984; Grieve et al., 1991). 
The Sudbury structure is situated between two major Precambrian terranes: the Archean 
granite-greenstone and gneiss terrane of the Superior Province in the north, the 
Paleoproterozoic metasedimentary and metavolcanic rocks of the Huronian Supergroup 
of the Southern Province in the south (Dressler, 1984). The Grenville Front is situated 8 
to 16 km southeast of the Sudbury structure and represents the northwestern boundary of 
the Grenville province (Fig. 3.1) (Brocoum and Dalziel, 1974). The Sudbury structure is 
host to some of the world’s largest Ni-Cu-PGE deposits and has been exploited for well 
over 100 years. 
As initially argued in Grieve et al. (1991), the SIC is widely believed to be a 
differentiated impact melt sheet. In plan view, the SIC is elliptical in shape and is 
approximately 27 by 60 km (Fig. 3.1), 2.5- to 3.0-km-thick and has an estimated volume 
of 8,000 to 14,000 km3 (Grieve, 1994). The SIC is divided into three main geographic 
regions: the North Range, which dips at about 30° to 50° to the south, the South Range 
and the East Range, the latter two dip steeply to near vertical northward and westward, 
respectively (Dressler, 1984). There are four defined lithological units of the SIC, from 
the top downwards they are the: Upper Contact Unit (Formerly the Onaping Intrusion), 
Granophyre, Quartz Gabbro and Norite (Dressler et al., 1992; Anders et al., 2015). At the 
74 
 
base of the SIC there are discontinuous kilometre-scale bodies of the contact sublayer 
situated in embayment structures (Lightfoot et al., 1997a; Lightfoot et al., 1997b; 
Morrison, 1984). These embayment structures are characterized by abundant xenoliths 
and Cu-Ni sulphide mineralization, which often extends outwards into the radial Offset 
dykes (Lightfoot et al., 1997a).  
Emanating from some of the embayment structures are so-called Offset dykes. These 
structures occur as radial, concentric and discontinuous bodies around the Sudbury 
impact structure (Fig. 3.1) (Wood and Spray, 1998). The rocks of the Offset dykes are 
known as “Quartz Diorite”; however, they vary compositionally between quartz 
monzodioritic, granodiorite and tonalite (Wood and Spray, 1998). Inclusion free quartz 
diorite (QD) and at least two variants of inclusion bearing quartz diorite (IQD) are 
observed within the Offset dykes. There are currently eighteen known Offset dykes 
surrounding the Sudbury impact structure: eleven radial dykes (Copper Cliff, 
Worthington, Whistle, Parkin, Ministic, Foy, Cascadian, Trill, Pele (3 dykes)), five 
concentric (Hess, McConnell and Kirkwood, Frood-Stobie, Vermillion, and Manchester,) 
and two discontinuous dykes (Creighton and Maclennan) (Fig. 3.1) (Grant and Bite, 
1984; Smith et al., 2013). The focus of this investigation is on the radial Parkin Offset 
dyke (Parkin) located in the northeastern corner of the Sudbury impact structure (Fig. 
3.1). 
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Figure 3.1 Simplified geological map of the Sudbury impact structure. Modified form 
OGS bedrock regional 1:250,000 scale maps and internal Wallbridge Mining Company 
Limited maps. 
 
3.2 Previous work and geological setting of the Parkin 
Offset dyke 
The Whistle-Parkin Offset dyke is a northeast-southwest trending 12 km radial 
Offset dyke located in the northeast corner of the impact structure (Fig. 3.1) (Murphy and 
Spray, 2002). The Whistle segment of the dyke is connected to the SIC via a 500 m long 
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and 250 m wide embayment. The Whistle extends for 1.5 km to the northeast from the 
embayment where it is then apparently displaced ~2 km to the northwest along the Post 
Creek fault zone. Beyond the apparent displaced fault zone is the Parkin portion of the 
dyke, which can be traced for another ~12 km to the northeast. The Parkin portion of the 
dyke is displaced along two additional northwest trending faults: the Milnet Mine fault 
zone is ~6 km from the SIC and an unnamed fault is ~10.5 km from the SIC which 
displace the dyke ~250 m and 50 m respectively (Murphy and Spray, 2002).  
The Whistle-Parkin Offset dyke is hosted in two major Precambrian terranes: the 
Archean granite-greenstone and gneiss terrane of the Superior Province and the 
Paleoproterozoic metasedimentary and metavolcanic rocks of the Huronian Supergroup 
of the Southern Province (Fig. 3.2) (Dressler, 1984). The North Range and the majority 
of the East Range of the SIC are underlain by the 2711 Ma supracrustal and intrusive 
rocks of the Levack Gneiss Complex, that have been metamorphosed to granulite-facies 
conditions (Fig. 3.1) (Krogh et al., 1984). The Levack Gneiss Complex is intruded by the 
2642 ± 1 Ma Cartier Batholith which is part of an Algoma suite of plutonic rocks that are 
likely the result of ~33% melting of the Levack Gneiss Complex near the peak 
metamorphism of the Kenoran Orogeny (Meldrum et al., 1997). Locally, to the north of 
the Cartier Batholith is the 2725–2703 Ma Benny Greenstone belt (Nunes and Pyke, 
1980), which is part of the Abitibi subprovince (Card and Innes, 1981; Meyn, 1970). The 
Benny Greenstone belt consists of felsic to mafic metavolcanic rocks, rhyolites and 
feldspar- and quartz-feldspar porphyritic rocks in the Parkin township (Meyn, 1970). As 
reported by Meyn, (1970) and Murphy and Spray, (2002) the Parkin Offset dyke 
penetrates the Bruce and Cobalt Groups of the Huronian Supergroup. The Bruce group 
consists of: quartzite, arenite and conglomerate of the Mississagi Formation, 
conglomerate and quartzite of the Bruce Formation, carbonate and interbedded siltstone 
of the Espanola Formation, and quartzite of the Serprent Formation. The Cobalt Group 
consists of well-bedded siltstone, quartzite and conglomerate of the Gowganda Formation 
and quartzite of the Lorrain Formation. 
The only previous investigations of the Whistle-Parkin Offset dyke was the 
regional Hutton and Parkin township mapping by Meyn (1970) and the PhD thesis of 
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Murphy (1998), part of which was later published (Murphy and Spray, 2002). 
Specifically for the Parkin Offset dyke, four rock types were observed along strike: radial 
breccia, mafic sulphide-bearing breccia, inclusion-bearing quartz diorite (IQD) and 
inclusions-poor quartz diorite (QD) (Murphy and Spray, 2002). Additionally, the terms 
Sudbury Breccia, footwall breccia and leucocratic breccia have been used to refer to 
breccias in and along Offset dykes that are often associated with the QD and IQD 
(Pattison, 1979; Grant and Bite, 1984). More recently, the term Metabreccia has been 
used to describe breccias within the Offset dyke environment (Farrow et al., 2005; 
Lafrance et al., 2014) and will be used herein to reflect current nomenclature and its use 
in industry. 
The Parkin Offset dyke was subdivided into three zones along strike (Murphy and 
Spray, 2002): Proximal Parkin, Middle Parkin and Distal Parkin. Proximal Parkin is 
located 3–4 km from the SIC, strikes 035°, is 30–50 m wide and consists of radial 
breccia, mafic sulphide-bearing breccia, IQD and QD. Middle Parkin is located 5 km 
from the SIC and contains the same units as the Proximal Parkin; however broadens to 
100 m and contains a 65 x 35 m gneissic megaclast. Distal Parkin strikes 020°, has a dip 
of 80° to the east to subvertical, has a width of 40–50 m and displays IQD in the dyke 
centre and QD on the dyke margins (Murphy and Spray, 2002). These authors concluded 
radial cracks were formed during the initial contact-compression stage of crater 
formation. They further proposed that all of the inclusion-bearing phases were emplaced 
simultaneously via preferential forceful injection into these radial cracks during the 
excavation stage of crater formation. The QD was interpreted to have formed prior to SIC 
differentiation from a homogeneous overlying impact melt sheet. In distal portions of the 
dyke, the QD exploited weaknesses between the dyke and the country rocks while in 
more proximal locations the IQD mingled more intimately with the QD during injection 
(Murphy and Spray, 2002). 
Several major discoveries have been made since the work of Murphy and Spray 
(2002). The North and 2000 deposits of the underground Podolsky mine in the Whistle 
Offset dyke were mined from 2008–2013 (Farrow et al., 2005; Carter et al., 2009; 
KGHM International Ltd., 2013). North American Nickel (NAN) has reported a 
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continuation of the Whistle Offset dyke beyond (e.g. north) the previously interpreted 
Post Creek fault zone and suggested the Whistle and Parkin actually represent two 
separate Offset dykes, rather than a faulted continuation (Fig. 3.2) (Fedikow, 2011). 
Wallbridge Mining Company Limited (WBM) discovered the high-grade Milnet 1500 
zone in 2009 below the past-producing Milnet mine and defined a near-surface resource, 
termed “Parkin resource” in 2002 on the Parkin Offset dyke (Fig. 3.2) (see Bailey, 2013 
for details). Mechanical stripping in 2015 exposed the surface expression of the Parkin 
resource revealing massive, semi-massive and net textured Ni-Cu-PGE sulphide 
mineralization at surface (Fig. 3.6) (see WBM press release dated June 25, 2015). 
3.3 Methods 
Fieldwork was conducted each summer from 2013 to 2015 over a combined total of  ~9 
months in the Sudbury area. Field mapping was conducted via traditional mapping 
techniques and on a high performance receiver/handheld computer GeoExplorer 3000 
from Trimble GeoXT equipped with real-time differential GPS capabilities through an 
Omnistar subscription providing consistent ~30 cm accuracy. Updated regional 1:50,000 
and 1:20,000 geologic maps have been produced. Further mapping was conducted at 
1:2,000 scale and was mostly focused to ~250 m around the Parkin Offset dyke from its 
southernmost extent to where the dyke is intersected by the Parkin fault. Additionally, the 
NNE trending Parkin fault was mapped at 1:2,000 scale and was mapped from the 
southern tip of sawmill lake to where it intersects the Parkin Offset dyke (Fig. 3.2). 
Airborne lidar data was used to remotely identify topographic lineaments; some of which 
were subsequently ground-truthed to determine if any geologic structures were present. 
The 1:100 southern Parkin trench map was referenced to a local ‘cut-line’ and 
subsequently 5 m2 grids were painted onto the outcrop. One m2 grid mapping was also 
conducted along strike the Parkin Offset dyke at 5 separate localities along strike. The 1 
m2 grids were either painted onto the outcrop or measuring tapes were placed along an E–
W trend in order to cross cut the NNE trending Parkin Offset dyke. The 1 m2 grids were 
systematically mapped and clast abundance, lithology, size and orientation of the long-
axis, if present, were documented and recorded. One-hundred and fifty-three surface 
samples were collected. Eight diamond drill cores were inspected during this 
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investigation and 55 samples were collected in order to collect a representative sample 
suite in three dimensions.  
Thirty-six samples from surface and drill core containing little to no macroscopic clast 
content were carefully isolated and powdered using a T.M. Engineering LTD vibratory 
ring pulverizer at the University of Western Ontario. Subsequently the >10g powders 
were sent to ALS laboratories for a 65-element complete characterization package. The 
package included a whole rock package plus carbon and sulfur by combustion furnace to 
quantify the major elements. Major and trace elements including the full rare earth 
element suites are reported from three digestions either inductively coupled plasma 
atomic emission spectroscopy (ICP-AES): a lithium borate fusion for the resistive 
elements, a four acid digestion for the base metals and aqua regia digestion for the 
volatile trace elements. Pt, Pd and Au were analyzed by fire assay with an ICP-AES 
finish. 12 duplicates, 25 relevant lab standards and 11 blanks were analyzed for data 
quality assurance. All geochemical data supplied by Wallbridge are also analyzed at ALS 
laboratories; however, macroscopic and microscopic inclusions are not separated out. All 
samples are analyzed for a Pt, Pd and Au via fire assay with an ICP-AES finish. The vast 
majority of samples are analyzed for a 48-element package via four acid digestion with 
an ICP-AES and ICP-MS finish. Some samples are analyzed for a 33-element package 
via four acid digestion with an ICP-AES finish.  
Optical microscopy work was conducted on 21 thin sections on a Nikon Eclipse LV100 
POL microscope at the Earth and Planetary Materials Analysis (EPMA) laboratory at 
University of Western Ontario. Backscattered electron imaging, elemental X-ray maps 
using a combination of wavelength dispersive spectrometry (WDS) and energy dispersive 
spectrometry (EDS), and mineral identification using EDS were accomplished using the 
JEOL JXA-8530F field emission electron microprobe, also at the EPMA laboratory. 
Beam conditions for the element maps were 20 kV accelerating voltage and beam 
currents of 100–200 nA. The pixel spacing varied from 0.2–3 µm depending on the size 
of the grain being analyzed. EDS counting times for mineral identification were 10 
seconds, with accelerating voltages of 15–20 kV and beam currents of 20–200 nA. A 
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suite of well-characterized natural and synthetic minerals and compounds were used as 
calibration standards.  
3.4 Results 
3.4.1 Field observations 
The fieldwork during this investigation resulted in several discoveries since the last 
regional study by Murphy and Spray (2002). An updated regional geologic map of the 
Norman and Parkin townships is shown in Figure 3.2. Several major distinctions can be 
made from previous generations (Meyn, 1970; Murphy and Spray, 2002; Ames et al., 
2005). The previously mapped Milnet Mine Fault Zone (Murphy and Spray, 2002; Ames 
et al., 2005) was not observed at surface or in drill core. A previously unrecognized ~020, 
45° sinistral strike-slip fault with a 20–50 m displacement has been termed the Parkin 
fault (Fig. 3.2). The Parkin fault was originally recognized in drill core and was projected 
to surface under a linear topographic low at Sawmill Lake. It is sub-parallel to and 
younger than the Parkin Offset dyke. Sinistral displacement was observed in both the 
upper and lower limestone horizons of the Espanola Formation of the Huronian 
Supergoup across the fault.  
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Figure 3.2 Simplified 1:50,000 scale geological map of the Whistle and Parkin Offset 
dykes. Modified from Ames et al. (2005) bedrock compilation 1:50,000 scale maps and 
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internal Wallbridge Mining Company Limited maps. Field sites are denoted by numbers 
1–5 along strike. Abbreviation: PF = Parkin fault. 
 
All of the major rock types described in previous reports were observed along strike the 
Parkin Offset dyke; however, we mapped a conformable package of the Huronian 
Supergroup; rather than faulted discontinuous Formations as observed in previous maps 
(Murphy and Spray, 2002; Ames et al., 2005). The Parkin Offset dyke is emplaced into 
two distinct meta-limestone horizons; the first at the Milnet Mine or field site 3 and the 
second ~500 m north at field site 4 (Fig. 3.2). Meta-sandstone and meta-siltstone are 
observed between the two meta-limestone horizons and was previously reported as the 
Serpent Formation; however, we suggest this is the middle member of the Espanola 
Formation for the following reasons. The Espanola Formation has been reported up to 
500 m in thickness and is typically subdivided into three or four conformable members: a 
discontinuous basal interbedded limestone and calcareous siltstone (30–60 m); a 
calcareous siltstone, argillite and fine-grained greywacke member (120–240 m); a 
calcareous sandstone member (90–200 m); and a discontinuous upper member of 
interbedded calcareous siltstone and very-fine-grained sandstone (Card, 1984). The 
calcareous sandstone member is described as a proto-quartzite and subgrewacke with 
lesser calcareous feldspathic quartzite (Card, 1984); which is what is observed at the 
Parkin Offset dyke between the upper and lower meta-limestone members. Furthermore, 
evidence of faulting was not observed between these lithological units as a topographic or 
geologic feature at surface or in drill core. This simplified interpretation suggests there is 
a conformable sequence of the Huronian Supergroup from the Missassagi Formation of 
the Hough Lake Group upwards through the entire Quirke Lake Group (e.g. Bruce 
Formation, Espanola Formation and Serpent Formation) to the Lorrain Formation of the 
Cobalt Group locally in the Parkin township (Fig. 3.3).  
Interestingly, both northwestward displacements along the Parkin Offset dyke are 
observed along lithological boundaries at surface and in drill core. Specifically, along the 
lithological contacts between the lower meta-limestone member with the middle meta-
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sandstone and siltstone member of the Espanola Formation at the Milnet mine and ~500 
m north the upper meta-limestone member of the Espanola Formation with the overlying 
meta-sandstone of the Serpent Formation (Fig. 3.3). To the author’s knowledge this is the 
first reported displacement of an Offset dyke along lithological boundaries. The Parkin 
Offset dyke has been subdivided into three zones due to differences in rock types and 
relationships: proximal Parkin (where the dyke is hosted in the Benny Greenstone belt), 
middle Parkin and distal Parkin (north of the Parkin fault) (Fig. 3.2). These zones are 
slightly modified from those defined by Murphy and Spray (2002). 
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Figure 3.3 Simplified 1:20,000 scale geological map of the Parkin Offset dyke. Modified 
from Ames et al. (2005) bedrock compilation 1:50,000 scale maps and internal 
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Wallbridge Mining Company Limited maps. Field sites are denoted by numbers 1–4 
along strike. Abbreviation: PF = Parkin fault. The members of the Espanola Formation 
are observed as thin lines within the unit. 
 
3.4.1.1 Description of rock types 
 The IQD occurs in the dyke centre and is dark grey, fine grained and contains 
abundant sub-rounded inclusions which account for 30–60% of the rock by total volume 
(Fig. 3.4 A, C and E). The inclusions, in order of most to least abundant are: quartz and 
feldspar mineral clasts, granite, mafic, diabase, gneiss, quartzite, felsic volcanic and QD 
(Fig. 3.5E). The IQD often contains an abundance of blebby sulphides (Fig. 3.4C), few 
stringers and semi-massive to massive sulphide (Fig. 3.5A), occasionally concentrated 
around mafic inclusions (Fig. 3.4E). QD occurs along the dyke margins and rarely as 
inclusions in the IQD, is dark grey on the fresh surface and light grey on the weathered 
surface, fine- to medium-grained, occasionally contains sub-rounded inclusions (0–10% 
by total volume), and blebby sulphides and few chalcopyrite rich stringers (Fig. 3.4D and 
G). The blebby sulphides are sometimes observed in higher concentrations along the 
contact between the IQD and QD. In hand sample the QD often contains distinctive 
acicular amphiboles that are most visible on the weathered surface. The glassy Quartz 
Diorite (QDg) occurs in dyklets and on the dyke margins and is fine-grained and black on 
a fresh surface (Fig. 3.4H). The spherulitic Quartz Diorite (SQD) occurs in dyklets and 
on dyke margins and is fine-grained, black on a fresh surface and displays a spherulitic 
texture (Fig. 3.4H). Both the QDg and SQD display gradational contacts to the QD and 
are not observed as inclusions in the QD or IQD. 
Metabreccia has previously been referred to as radial breccia and mafic sulphide-bearing 
breccia at the Parkin Offset dyke (Murphy and Spray, 2002). The Metabreccia mostly 
occurs within the dyke centre and displays both gradational and sharp contacts with the 
IQD. The Metabreccia is rarely observed along the dyke margins (Fig. 3.4G) and as 
inclusions in the QD (Fig. 3.4D). The Metabreccia is dark grey, fine-grained and contains 
abundant sub-rounded inclusions (50–80% by total volume), and sulphides (Fig. 3.4F). 
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The same types of inclusions are observed within the Metabreccia and IQD. The Sudbury 
Breccia occurs regionally in the host rocks as dykes and irregular-shaped bodies. It is 
made up of subrounded rock fragments; typically of local host rocks, and is set in a fine-
grained to aphanitic black groundmass. It was not observed in direct contact with the 
Parkin Offset dyke. 
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Figure 3.4 A) Oriented inclusions in the IQD at field site 4. B) Contact between QD and 
the limestone of the Espanola Formation. C) Typical blebby sulphides in the IQD phase. 
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D) Metabreccia inclusion within the QD. E) ~40 cm thick chalcopyrite rim around a 
mafic inclusion in the IQD. F) Metabreccia outcrop displaying preferentially weather out 
mafic inclusions and sulphides. G) Marginal Metabreccia and QD contact. H) Dyklet 
(0.52 m wide) displaying QDg towards centre with a gradational contact to SQD on 
dyklet margin hosted in intermediate volcanics of the Benny Greenstone belt.  16 cm 
scale bar indicating north for scale. Abbreviations: QD = inclusion-poor Quartz Diorite, 
IQD = inclusion-rich Quartz Diorite, SQD = spherulitic Quartz Diorite, QDg = glassy 
Quartz Diorite, MTBX = Metabreccia and IV = intermediate volcanics. 
 
One m2 grid mapping was conducted at 5 separate localities along ~5 km of strike the 
Parkin Offset dyke (Fig. 3.2). The grids were set up along an east to west trend in order to 
cross cut the NNE trending Parkin Offset dyke (Fig. 3.5). The grids were systematically 
mapped by clast abundance, lithology, size and orientation of the long-axis, if any. Due to 
varying dyke widths (e.g., a larger number 1 m2 grids) the data is best represented as 
average inclusion density per 1 m2 (Fig. 3.5B) and average number of sulphides per 1 m2 
(Fig. 3.5C) rather than total number of inclusions or sulphides. Our results show the clast 
size is dominantly within the 0.5–6.4 cm range (Fig. 3.4D) and generally decreases in 
size (Fig. 3.4D), abundance (Fig. 3.4D) and average density in IQD (Fig. 3.4B) towards 
the north. Interestingly, the lowest density of inclusions is observed near the 
displacements in the Offset dyke (Figs. 3.3 and 3.5B). There is a general decrease in 
sulphide abundance towards the north, with a very abrupt decrease in sulphides in the 
distal Parkin (Fig. 3.4C).  
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Figure 3.5 A) E–W trending 1 m2 grids in Proximal Parkin (Fig. 3.3 #2). Rose diagrams 
displaying the orientation of the long axis of the inclusions in 1 m2 grids at field site 3 
(Fig. 3.3). B) Average inclusion density in IQD per 1 m2 along strike the Parkin Offset 
dyke. C) Average sulphide density in IQD per 1 m2 along strike the Parkin Offset dyke. 
D) Variation of inclusion size along strike the Parkin Offset dyke. E) Variation of 
Inclusion type along strike the Parkin Offset dyke. Refer to Figure 2 for field site 
localities #1–5. 16 cm scale bar indicating north for scale. 
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Proximal Parkin is located 3 to 5 km from the SIC; where hosted in the Benny 
Greenstone belt, strikes at ~035° and is 30–100 m in width (Fig. 3.3). The IQD phase is 
located in the dyke centre with both sharp and gradational contacts to the QD phase 
located on the dyke margins. In order of most abundant to least abundant, the IQD 
contains inclusions of quartz and/or feldspar mineral clasts, granite, mafic, diabase, 
gneiss, felsic volcanics and QD. A total of 1,439 inclusions were documented within the 
1 m2 grids at proximal Parkin and 115 or 8% of which had a measurable long axis-
orientation and displayed a random array of orientations. Mafic inclusions are often 
preferentially weathered out (Fig. 3.4E) and a concentration of mineralization is 
occasionally observed around them (Fig. 3.4E). The Metabreccia displays gradational and 
sharp contacts with the IQD. The Metabreccia is typically more clast rich and particularly 
displays a high abundance of small quartz and feldspar mineral clasts (Fig. 3.4F). 
Metabreccia is rarely observed as inclusions in the QD (Fig. 3.4D). Abundant massive to 
semi-massive sulphide mineralization is observed in the central IQD and Metabreccia in 
proximal Parkin (Fig. 3.5A). The sulphides are predominately composed of pyrrhotite, 
chalcopyrite and pentlandite. Abundant blebby sulphides are also observed in the IQD, 
Metabreccia and along the contact with the QD and are mostly composed of pyrrhotite 
(Fig. 3.4C). 
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Figure 3.6 Proximal Parkin geologic map mapped at 1:100 scale in 5 m2 grids. 1 and 2 
indicate the 1 m2 grid mapping localities. 
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3.4.1.2 Middle Parkin 
Middle Parkin is located 5 to 8 km from the SIC; where hosted in the Huronian 
Supergroup up to where the Parkin fault intersects the dyke, displays variable strike 
directions from NW to NNE and is 0–50 m in width. The IQD phase is located in the 
dyke centre with mostly transitional contacts; few sharp contacts exist, to the QD phase 
located on the dyke margin. In order of most abundant to least abundant, the IQD 
contains inclusions of quartz and feldspar mineral clasts, mafics, granite and quartzites 
(Fig. 3.5E). A total of 360 inclusions were documented within the 1m2 grids at middle 
Parkin and 122 or 33% of which had a measurable long axis-orientation and was ≤9° with 
the local orientation of the dyke. Metabreccia was only observed at field site 4 on the 
dyke margins (Fig. 3.4G). Abundant massive to semi-massive sulphide mineralization is 
observed in the IQD at the Milnet mine area and in drill core at the Milnet 1500 zone. 
The sulphides are predominately composed of pyrrhotite, chalcopyrite and pentlandite. 
Abundant blebby sulphides are also observed in the IQD and are mostly composed of 
pyrrhotite (Fig. 3.4C). 
The two northwesterly displacements observed along the Parkin Offset dyke are located 
along lithological boundaries in the Huronian Supergroup (Fig. 3.3). At the Milnet Mine; 
field site 3, the displacement is observed along the contact between the lower meta-
limestone member and middle meta-sandstone and meta-siltstone member of the 
Espanola Formation (Fig. 3.3). The dyke is completely pinched out along this 
displacement. At field site 4, the displacement is observed along the contact between the 
upper meta-limestone member of the Espanola Formation and the overlying meta-
sandstone of the Serpent Formation (Fig. 3.3). The dyke narrows along this displacement 
to ~3 m. 
3.4.1.3 Distal Parkin 
Distal Parkin is located >8 km from the SIC; north of the Parkin fault, strikes at 020° and 
is 40–50 m in width (Fig. 3.2). The IQD phase is located in the dyke centre with mostly 
transitional contacts; few sharp contacts exist, to the QD phase located on the dyke 
margin. In order of most abundant to least abundant, the inclusions are quartz and 
93 
 
feldspar mineral clasts, mafics, granite and quartzites (Fig. 3.5E). A total of 283 
inclusions were documented in the 1m2 grids at distal Parkin and 155 or 54% of which 
had a measurable long-axis orientation and was parallel 020° with the local orientation of 
the dyke. 
3.4.2 Petrographic observations 
The IQD is fine-grained, equigranular and its primary mineralogy consists of euhedral 
plagioclase feldspar, euhedral and acicular amphiboles (Fig. 3.7A); which are typically 
altered to biotite and/or chlorite (Fig. 3.7B), potassium feldspar, quartz and granophyric 
intergrowths of orthoclase and quartz (Fig. 3.7B). Accessory minerals include biotite, 
chlorite epidote, calcite, apatite, titanite and sulphides (Fig. 3.7B). The QD is an 
equigranular, medium-grained rock with the same modal mineralogy to the IQD (Fig. 
3.7A). Metabreccia has fine-grained groundmass with a primary mineralogy of quartz, 
potassium feldspar, plagioclase feldspar and biotite (Fig. 3.7C). Accessory minerals 
include amphiboles; typically altered to chlorite, calcite, epidote, chlorite, monazite and 
sulphides (Fig. 3.7C). Actinolite is observed in the limestone of the Espanola Formation 
when in close proximity ≤ 20 cm to the Parkin Offset dyke (Fig. 3.7D) indicating contact 
metamorphism at hornfels facies conditions. 
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Figure 3.7 A) BSE image of the QD groundmass with euhedral and acicular hornblende. 
B) BSE image of the IQD groundmass with biotite and chlorite replacement of 
hornblende. C) BSE image of the Metabreccia with abundant quartz and feldspar mineral 
clasts in a fine-grained groundmass of mostly quartz, feldspar and biotite. D) BSE image 
of actinolite in the limestone of the Espanola Formation in close proximity ≤ 20 cm to the 
QD. Mineral abbreviations: py = pyrite, hbl = hornblende, ab = albite, qtz = quartz, bt = 
biotite, chl = chlorite, cal = calcite and act = actinolite. 
 
3.4.2.1 Sulphides 
The sulphides of the Parkin consist of massive to semi-massive sulphide, 
disseminated blebs and/or veinlets in the IQD, QD Metabreccia and occasionally host 
rocks. The dominant sulphide mineral assemblage consists of pyrrhotite, chalcopyrite and 
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pentlandite with trace amounts of pyrite, galena, brass and sphalerite. The blebby 
sulphides are predominately composed of pyrrhotite and found in highest concentrations 
within the IQD and Metabreccia. The massive to semi-massive mineralization in 
proximal and middle Parkin is composed of mostly pyrrhotite and chalcopyrite with 
lesser amounts of pyrite. In distal Parkin, lesser amounts of blebby sulphides are 
observed and they are mostly composed of pyrite (Fig. 3.8B). Palladium is typically 
observed as small rounded grains of michenerite (Pd-Bi-Te), which are found within 
pyrite and chalcopyrite (Figs. 3.8C and D) and more rarely around the sulphides in the 
groundmass of the IQD and QD and along the dyke margins associated with chlorite, 
calcite and epidote (Fig. 3.8A). Palladium is rarely observed as euhedral palladoan 
melonite (Ni,Pd)Te2 within chalcopyrite and as anhedral sudburyite (Pd0.75Ni0.25Sb) (Fig. 
3.8F) found in and around blebby sulphides in the IQD and QD. Platinum is observed as 
euhedral sperrylite (PtAs2) (Fig. 3.8E) and is found in and around blebby sulphides in the 
IQD and QD. Platinum is rarely observed as maslovite (Pt-Bi-Te) and is found within 
chalcopyrite (Fig. 3.8C). Interestingly, Pd-Bi-Te are occasionally observed as rounded 
grains within sperrylites. Gold and silver are observed as euhedral hessite (Ag2Te) in 
blebby sulphides in the IQD and rarely as electrum (AuAg) along fractures in pyrite 
observed in IQD in both middle and distal Parkin.  
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Figure 3.8 A) BSE image of a Pd-Bi-Te grain chalcopyrite, actinolite, chlorite and calcite 
on the contact between the QD and limestone of the Espanola Formation. B) BSE image 
of blebby sulphide in IQD. C) BSE image of Pt-Bi-Te in massive chalcopyrite at the 
Brady showing. D) BSE image of a rounded Pd-Bi-Te grain in pyrite next to chlorite in 
97 
 
IQD. E) BSE image of Sperrylite (PtAs2) in pyrite in a blebby sulphide in the IQD. F) 
Sudburyite (Pd0.75Ni0.25Sb) in pyrite in a blebby sulphide in the IQD. 
 
Ni, Cu, Pt, Fe, S, Zn, As, Co and Mg element maps were created of individual pyrite 
crystals and pyrite clusters within the QD and IQD of the Parkin Offset dyke. Element 
maps were created for 4 pyrites in the IQD; concentric oscillatory zoning of As, Co, Ni 
was observed in all pyrites. Specifically a Co rich core and rim and a Ni and As rich rim 
(Fig. 3.9 A–D). All 3 pyrites in the QD also displayed concentric oscillatory zoning of 
As, Co and Ni; specifically a Co rich core and rim and a Ni and As rich rim (Fig. 3.9 E–
H). None of the pyrites displayed Pt zonation. 
 
Figure 3.9 A) BSE image of pyrite in IQD. B) Relative cobalt abundance in pyrite in 
IQD. C) Relative As abundance in IQD. D) Relative Ni abundance in IQD. E) BSE image 
of pyrite in QD. F) Relative As abundance in QD. G) Relative Ni abundance in QD. H) 
Relative Ni abundance in QD. 
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3.4.3 Geochemistry 
The geochemical portion of this study characterizes and compares the QD and IQD, the 
average dyke composition along strike, defines the spatial distribution of Ni-Cu-PGE 
mineralization and its association within the dyke rocks and investigates a potential 
geochemical source for the Parkin. A total of 36 samples were analyzed as part of this 
study (see section 3.3 for methods) and was amalgamated with geochemical data from 
Wallbridge Mining Company Limited, data from previous studies (Murphy and Spray, 
2002), data for the SIC from Therriault et al. (2002), Cartier Batholith data from 
Meldrum et al. (1997), data for the Huronian Supergroup from Dr. Patricia Corcoran and 
lastly all spider diagrams are normalized to the average Felsic Norite composition from 
Lightfoot, Morrison, et al. (1997). 
3.4.3.1 Geochemistry of the dyke phases 
Results show that the QD and IQD of the Parkin Offset dyke are remarkably 
homogeneous in terms of major oxides (Fig. 3.10), large ion lithophile elements (LILE) 
(Fig. 3.11A), rare earth elements (REE) (Fig. 3.11A) and high field strength elements 
(HFSE) (Fig. 3.11A) when free of macroscopic inclusions. Minor variations are observed 
between the mean and median of the QD and IQD; however, these values are within the 
middle 50% (e.g., central box in Fig. 9) of the variance of the data for all elements. The 
QD displays more variation than the IQD; as seen by the whiskers in Figure 3.10. 
Roughly 89% of the IQD samples and 70% of the QD samples fall within the Diorite 
field of a TAS plutonic total alkalis (Na2O and K2O) versus silica (SiO2) general igneous 
rock classification diagram (Middlemost, 1994).  
In short, the QD is elevated in U and HREE in comparison to the IQD (Fig. 10A) when 
free of macroscopic inclusions. The La/Sm ratios vary from 7.7 to 4.1 with an average of 
~6.0 for both dyke phases. The spider diagrams (Figs. 3.11 C–E) show that the 
composition of the average Parkin is most similar to that of the average Felsic Norite 
from Lightfoot, Morrison, et al. (1997). The average Parkin is relatively intermediate 
between the composition of the Granophyre and Sublayer (Fig. 3.11E). The Parkin is 
least similar to all regional host rocks; Cartier Batholith, Benny Greenstone belt (MV and 
99 
 
QFP), Matachewan diabase and all local rocks of the Huronian Supergroup (Mississagi 
Formation, Bruce Formation, Espanola Formation, Serpent Formation and the Gowganda 
Formation) (Fig. 3.11 C and D). Interestingly, the average Parkin, Cartier Batholith, 
Quartz Feldspar Porphry of the Benny Greenstone belt, all rocks of the Huronian 
Supergroup and the Granophyre display strong Sr depletion (Figs. 3.11 C–E).  
 
Figure 3.10 Tukey box plots for all major oxides for the QD and IQD of the Parkin 
Offset dyke. The central box displays the middle 50% of the data, the line in the box 
represents the median and the circle in the box is the mean. The whiskers display the 
extent of 95% of the data and the circles outside of the box represent outliers within the 
remaining 5% of the data.  
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Figure 3.11 A) Average Felsic Norite normalized spider diagram of the Parkin Offset 
dyke IQD and QD data free of macroscopic inclusions. B) Ba vs. Ce/Yb plot displaying 
IQD and QD data free of inclusions and the Cartier Batholith, average Levack Gneiss and 
the Matachewan Diabase. C) Average Felsic Norite normalized spider diagram 
displaying the Average Parkin Offset dyke composition, Cartier Batholith, Matachewan 
Diabase (MDIA) and rocks of the Benny Greenstone belt (MV = mafic volcanics and 
QFP = quartz feldspar porphyry). D) Average Felsic Norite normalized spider diagrams 
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displaying the average Parkin Offset dyke composition and the Huronian Supergroup. E) 
Average Felsic Norite normalized spider diagrams displaying the average Parkin Offset 
dyke composition and the granophyre and sublayer of the SIC. Note: 1.0 = Average 
Felsic Norite. F) Average Felsic Norite normalized spider diagrams displaying the 
average Parkin Offset dyke composition free of macroscopic inclusions along strike: 
proximal Parkin, middle Parkin and distal Parkin. 
 
3.4.3.2 Geochemistry along strike 
The IQD and QD are combined for an average dyke composition and compared along 
strike at proximal Parkin, middle Parkin and distal Parkin. Minor variations are observed 
between the mean (e.g., circle in the box in Fig. 3.12) and median (e.g., line in the box in 
Fig. 3.12) of the dyke localities. It is noteworthy, that only 1 sample was picked free of 
macroscopic inclusions at proximal and distal Parkin. Proximal Parkin is enriched in Ba, 
Rb, K and LREE in comparison to the other localities. Middle Parkin is depleted in K in 
comparison to the other localities. Distal Parkin is enriched in MnO and depleted in SiO2, 
Na2O and P2O5 in comparison to the other localities. 
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Figure 3.12 Tukey box plots for all major oxides of the average Parkin dyke along strike 
The central box displays the middle 50% of the data, the line in the box represents the 
median and the circle in the box is the mean. The whiskers display the extent of 95% of 
the data and the circles outside of the box represent outliers within the remaining 5% of 
the data. 
 
3.4.3.3 Ni, Cu, Pt, Pd and S Distribution 
Similar to other Offset dykes, the highest abundance of Ni and Cu sulphide 
mineralization is observed in the central IQD phase (Figs. 3.13 A–C). The Cu/Ni ratio is 
1.0 in the IQD and 0.9 in the QD, with the highest value reaching 4.0 coming from a zone 
of semi-massive mineralization at the Brady showing (Fig. 3.13D). There is an overall 
northward decrease in Ni, Cu, Pt, Pd, S and Cu/Ni. Interestingly, this decrease is quite 
abrupt and is located just north of field site 4 north (Fig. 3.2), which is north of the 
second displacement within the dyke. There is a positive correlation between Ni/S and 
Cu/S ratios for both dyke phases; however, the IQD displays a slightly higher affinity 
towards Ni/S than Cu/S in comparison to the QD (Fig. 3.13E). 
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Figure 3.13 A-D) Tukey box plots displaying Ni, Cu, S and Cu/Ni abundance for Parkin 
dyke phases. The central box displays the middle 50% of the data, the line in the box 
represents the median and the circle in the box is the mean. The whiskers display the 
extent of 95% of the data and the circles outside of the box represent outliers within the 
remaining 5% of the data. E) Variation in Ni (ppm) / S (%) vs. Cu (ppm) / S (%) for the 
Parkin where circle size is proportional to S content (group intervals; smallest to largest: 
1 = <0.05%, 2 = 0.05–0.08%, 3 = 0.09–0.17% and 4 = 0.18–2.46%. Regression lines are 
shown with corresponding colours to that of the legend.  
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3.5 Discussion 
3.5.1 Comparison of dyke phases 
Four distinct varieties of quartz diorite are observed within the Parkin Offset dyke: IQD, 
QD, QDg and SQD. The IQD mostly occurs in the dyke centre, is fine-grained (Fig. 
3.7B) and contains abundant sub-rounded inclusions (30–60% by total volume) (Fig. 3.4 
A, C and E). The QD mostly occurs on the dyke margins, is medium-grained (Fig. 3.7A) 
and contains few inclusions (0–10% by total volume) (Fig. 3.4 B, D and G). The QDg 
occurs occurs on the dyke margins and in dyklets, is black on a fresh surface and is fine-
grained. The SQD also occurs on the dyke margins and in dyklets, is black on a fresh 
surface, is fine-grained and displays a spherulitic texture. The QDg and SQD were not 
observed as inclusions in the QD or IQD. The Metabreccia has previously been referred 
to as radial breccia and mafic sulphide-bearing breccia at the Parkin Offset dyke (Murphy 
and Spray, 2002), we use this term due to its use in modern nomenclature and in industry. 
The Metabreccia mostly occurs within the dyke centre and displays both gradational and 
sharp contacts with the IQD. The Metabreccia is rarely observed along the dyke margins 
(Fig. 3.4G) and as inclusions in the QD (Fig. 3.4D). The Metabreccia is dark grey, fine-
grained and contains abundant sub-rounded inclusions; 50–80% by total volume, and 
sulphides (Fig. 3.4F). The same types of inclusions are observed within the Metabreccia 
and IQD. 
The Parkin dyke phases are geochemically quite homogeneous in terms of major oxides 
(Fig. 3.10), LILE (Fig. 3.11A), REE (Fig. 3.11A) and HFSE (Fig. 3.11A). Minor 
variations in the mean and median are observed for some elements between the QD and 
IQD. Three possible mechanisms are considered to account for these variations: 1) the 
data represents the primary geochemistry of the rocks and the phases are not 
geochemically homogeneous; 2) inclusion contamination during sample preparation has 
affected the whole rock geochemistry; and/or 3) post-impact metamorphic alteration has 
affected the geochemistry of a particular phase(s). Regional greenschist facies 
metamorphism has been well documented in the Sudbury area (Ames et al., 1998); 
however, alteration was not observed to favour one Offset dyke phase over another. 
Therefore, we now consider options 1 and 2.  
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The Cartier Batholith displays high Ce/Yb values; as reported by (Meldrum et al., 1997), 
while the Matachewan diabase displays low Ce/Yb values (Fig. 3.11B). The data 
collected as part of this study, picked free of macroscopic inclusions, shows the IQD and 
QD have very consistent and low mean Ce/Yb values of 36.5 and 37.0 respectively. 
Therefore, based on the Ce/Yb data the simplest explanation is that the variation in the 
dyke phase composition is not due to contamination during sample preparation or from 
assimilation of Cartier granite. Rather the following differences reflect minor changes in 
primary geochemistry of the dyke phases: the QD is elevated in U and HREE in 
comparison to the IQD.  
3.5.2 Variation along strike 
Quantitative analysis of the inclusions within the Parkin Offset dyke show an overall 
northward decrease in inclusion density (Fig. 3.5B), the average size of the inclusions 
(Fig. 3.5D) and the density of blebby sulphides (Fig. 3.5C). These observations are 
consistent with the inclusions and sulphides moving more distal from their source. At 
proximal Parkin only 8% of the inclusions had a measurable long-axis orientation and the 
long axis orientation did not follow any coherent trends. At middle Parkin 33% of the 
inclusions have a measurable long-axis orientation and are observed to be ≤9° with the 
local orientation of the dyke. At distal Parkin 54% of the inclusions have a measurable 
long-axis orientation are observed to be parallel with local orientation of the dyke. This is 
interpreted as evidence suggesting the dyke emplacement was more turbulent at proximal 
Parkin in comparison to distal Parkin. The Parkin has a high abundance of granitic 
inclusions (Fig. 3.6E) and is not hosted in any granitic rocks (Fig. 3.2). The simplest 
explanation for the granitic inclusions is that they were incorporated into the proto-SIC 
melt and emplaced into the Parkin with the QD and IQD rather than entrained from local 
host rocks during emplacement of the Parkin. Similarly, the immediate host rocks of the 
Parkin are rarely observed as inclusions within the dyke (e.g. felsic volcanic rocks are 
rarely observed as inclusions where the dyke is hosted in Felsic Volcanics) (Fig. 3.5E) 
and suggest the majority of inclusions are sourced from elsewhere. 
Interestingly, the lowest number of inclusions (Fig. 3.5D) and inclusion density (Fig. 3B) 
is observed at field site 3 in the Milnet mine area (Fig. 3.2). At this locality, the dyke is 
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displaced or ‘offset’ and is completely pinched out along the lithological contact between 
the lower meta-limestone member and middle meta-sandstone and meta-siltstone member 
of the Espanola Formation. Similarly at field site 4 (Fig. 3.3), the dyke is displaced and 
narrows along the upper meta-limestone member of the Espanola Formation and the 
overlying meta-sandstones of the Serpent Formation. These observations are important as 
the Milnet mine and recently discovered Milnet 1500 zone contain abundant Ni-Cu-PGE 
sulphide mineralization. We propose herein that the dyke is displaced and narrows along 
the local lithological boundary between the meta-limestone and meta-sandstone horizons, 
which acted as a structural trap for the Ni-Cu-PGE mineralization, rather than the 
previously interpreted NW trending Milnet mine fault zone (Murphy and Spray, 2002). 
Furthermore, lithological boundaries in host rocks of Offset dykes should be considered 
as an exploration target in Sudbury Ni-Cu-PGE exploration and additionally this could 
have implications for the emplacement of Offset dykes. Lastly, this newly interpreted 
stratigraphy suggests a previously unrecognized conformable package of the Huronian 
Supergroup exists in the Parkin township from the lowermost Missassagi Formation of 
the Hough Lake Group up through the entire Quirke Lake Group (Bruce Formation, 
Espanola Formation and Serpent Formation) and up to the Lorrain Formation of the 
Cobalt Group. Further work is suggested along the unconformity between the Benny 
Greenstone belt and the Huronian Supergroup to determine if the Elliot Lake Group is 
present locally. It is of the author’s opinion that the Elliot Lake Group may have been 
previously misidentified as the Benny Greenstone belt and would provide an even larger 
sequence of the Huronian Supergroup than reported herein. 
The Parkin Offset dyke was subdivided into three main zones: proximal Parkin, middle 
Parkin and distal Parkin (Fig. 3.2). QD, IQD, Metabreccia and Sudbury breccia are 
observed at proximal Parkin, QD, IQD, Sudbury breccia and rare Metabreccia are 
observed at middle Parkin, and QD, IQD and Sudbury breccia are observed at distal 
Parkin. The QD and IQD are common at all localities, however, with lesser amounts of 
sulphides and inclusions in distal sections (Fig. 3.5B and C). The Metabreccia is more 
abundant in proximal Parkin and is often observed with gradational and sharp contacts to 
the IQD. The Metabreccia at middle Parkin is rarely observed; however, is observed in 
one locality along the dyke margin between the QD and the meta-limestone of the 
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Espanola Formation (Fig. 3.4G). The Sudbury breccia is observed at all localities on a 
more regional scale; however, was not observed in direct contact with the Parkin Offset 
dyke at any of the localities. 
The QD and IQD compositions free of macroscopic inclusions were combined and 
compared along strike: proximal Parkin, middle Parkin and distal Parkin (Figs. 3.11F and 
3.12). In summary, proximal Parkin is enriched in Ba, Rb, K and LREE; middle Parkin is 
depleted in K; and distal Parkin is enriched in MnO and depleted in SiO2, Na2O and P2O5 
in comparison to the other localities. Figure 3.11B shows that inclusion contamination 
from sample preparation was not observed in any of the samples. Therefore, we suggest 
the variation in the data reflects minor changes in primary geochemistry of the average 
dyke composition along strike the Parkin Offset dyke. 
3.5.3 Cross-cutting relationships 
Irregularly shaped inclusions of Metabreccia are observed within the QD and the contact 
between the two rock types is sharp (Fig. 3.4D). The Metabreccia is also observed along 
the dyke margins between the QD and host rocks (Fig. 3.4G) and displays both 
gradational and sharp contacts with the IQD in the dyke centre. The QD is observed as 
inclusions within the IQD and displays both sharp and gradational contacts to the IQD; 
similar observations have been reported at many other Offset dykes (summarized by 
Grant and Bite, 1984). The Sudbury breccia was not observed in direct contact with the 
Parkin Offset dyke; however, the QD has been reported elsewhere to intrude the Sudbury 
Breccia matrix and suggests it formed prior to the emplacement of the Offset dykes 
(Lightfoot and Farrow, 2002). 
3.5.4 Ni-Cu-PGE mineralization 
The sulphides of the Parkin consist of massive to semi-massive pyrrhotite, chalcopyrite 
and pentlandite mostly within the IQD and Metabreccia phases at proximal and middle 
Parkin. The blebby sulphides are mostly composed of pyrrhotite in proximal and middle 
Parkin and are concentrated in the IQD and Metabreccia. The blebby sulphides are 
mostly composed of pyrite in distal Parkin and are concentrated in the IQD. The stringers 
and veinlets are typically chalcopyrite-rich and are found in all phases. These 
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observations are all supported by the geochemistry. Figure 13 shows the IQD contains 
higher abundances of Ni, Cu, S and Cu/Ni ratios. Additionally, the IQD displays a higher 
affinity towards Ni/S over Cu/S, which corresponds to the pyrrhotite-rich sulphides in the 
IQD (Fig. 13E). The PGE are observed as small grains of PGE bismuth tellurides (Pd-Bi-
Te) (Figs. 3.8C and D), Sperrylite (PtAs2) (Fig. 3.8E), Sudburyite (Pd0.75Ni0.25Sb) (Fig. 
3.8F). PGEs were also observed along the contact between the QD and the limestone of 
the Espanola Formation at the Milnet Mine as euhedral palladium bismuth tellurides (Pd-
Bi-Te) intergrown with chalcopyrite, actinolite, chlorite and calcite (Fig. 3.8A), 
suggestive of remobilized PGEs. 
At least two generations of pyrite are recognized within the Sudbury structure. The first is 
interpreted to be an early forming pyrite that exsolved from the monosulphide solid 
solution (MSS) (Hawley and Stanton, 1962; Naldrett and Kullerud, 1967; Craig and 
Solberg, 1999); and the second is a pyrite that formed from the alteration of MSS by late 
deuteric fluids (Farrow and Watkinson, 1992; Naldrett et al., 1999; Vanden Berg and 
Krstic, 2005). The first generation of pyrite displays distinctive concentric, oscillatory 
zoning of IPGE, Pt, Co and As and is interpreted to have exsolved from the MSS with the 
zoning formed during its growth (Dare et al., 2011; Craig and Solberg, 1999). The second 
generation of pyrite is unzoned and is interpreted to have formed by the alteration of 
MSS by deuteric fluids (Dare et al., 2011; Craig and Solberg, 1999). All pyrites that have 
been observed so far within the Parkin Offset dyke display concentric oscillatory zoning. 
All 4 pyrites observed in the IQD display concentric oscillatory zoning of As, Co and Ni, 
specifically a Co rich core and rim and a Ni and As rich rim (Fig. 3.9 A–D). Similarly, all 
3 pyrites observed in the QD display concentric oscillatory zoning of As, Co and Ni, 
specifically a Co rich core and rim and a Ni and As rich rim (Fig. 3.9 E–H). None of the 
pyrites displayed Pt zonation as reported at other localities in Sudbury (Dare et al., 2011; 
Craig and Solberg, 1999). The textural association of these zoned pyrites with the ore-
bearing minerals suggests the mineralization was exsolved from the MSS, as originally 
suggested by Hawley (1962) at the Creighton and Frood-Stobie Offset dykes. 
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3.5.5 General emplacement history 
These observations lead us to the following formational history for the Parkin Offset 
dyke. The Metabreccia was observed up to 6 km from the SIC and along the dyke 
margins; therefore we suggest it was initially emplaced along the dyke margins and more 
proximal to the SIC. Subsequently, the QD was also emplaced along the dyke margins 
and most often entrained the Metabreccia into the dyke centre. The Metabreccia was 
likely still hot as the Metabreccia inclusions in the QD display irregularly shaped contacts 
(Fig. 3.4D) and gradational contacts with the central IQD. The QD was rapidly quenched 
against the host rocks, resulting in the formation of a fine-grained chill margin (e.g. QDg 
and SQD) and sharp contacts with the Metabreccia inclusions (Fig. 3.4D). Subsequently 
or simultaneously, the IQD was emplaced in the dyke centre and resulted in gradational 
contacts with the Metabreccia and both gradational and sharp contacts with the QD. 
These observations do not preclude either the multiple injection hypothesis (Rickard and 
Watkinson, 2001; Lightfoot and Farrow, 2002) or the single injection flow differentiation 
hypothesis (Bhattacharji and Smith, 1964; Cochrane, 1984; Grant and Bite, 1984). These 
observations provide general timing relationships; precise times between these events are 
unknown and will not be speculated upon in this study. The Ni-Cu-PGE mineralization 
was emplaced as a primary magmatic deposit with the emplacement of the dyke phases as 
observed by the primary zonation patterns in the pyrite. Post-impact remobilization of 
PGE is observed as euhedral PGE bismuth tellurides (Fig. 3.8A) along the dyke margins 
and anhedral sudburyite (Fig. 3.8F) in primary magmatic settings. The northwards 
decrease in the total number of inclusions (Fig. 3.5D), density of inclusions (Fig. 3.5A) 
and density of blebby sulphides (Fig. 3.5C) suggests both the sulphides and inclusions 
were moving more distal from their source. At proximal Parkin 8% of inclusions had a 
measurable long axis-orientation and displayed a random array of orientations, at middle 
Parkin 33% of inclusions had a measurable long axis-orientation and were ≤9° with the 
local orientation of the dyke, and at distal Parkin 54% of inclusions had a measurable 
long-axis orientation and was parallel with the local orientation of the dyke. We use this 
as evidence to suggest the emplacement of the dyke was more turbulent more proximal to 
the SIC. 
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3.6 Conclusions 
Regional exploration efforts by Wallbridge Mining Company Limited have led to several 
Offset dyke and footwall-type discoveries over the past decade, including the definition 
of the Parkin resource and the Milnet 1500 zone. The Parkin Offset dyke offers some 
valuable insight into Ni-Cu-PGE exploration and Offset dyke formation and are 
summarized herein: 
1. Four texturally distinct varieties of Quartz Diorite (e.g., IQD, QD, QDg and SQD) 
are observed at the Parkin Offset dyke. 
2. The Metabreccia is mostly observed in the dyke centre and displays both sharp 
and gradational contacts with the IQD. The Metabreccia is rarely observed as 
oddly shaped inclusions with sharp contacts in the QD (Fig. 3.4D) and along the 
dyke margins with sharp contacts to the QD (Fig. 3.4G). The Metabreccia is 
observed up to 6 km from the SIC. 
3. The QD is observed as inclusions in the IQD. Both gradational and sharp contacts 
are observed between them; which is observed at other Offset dykes. 
4. The QD and IQD display remarkable geochemical homogeneity (Fig. 3.10 and 
11A), minor differences in primary geochemistry are observed between the 
phases and as an average dyke composition along strike (Fig. 3.12 and 3.11F). 
5. There is an overall northward decrease in the number of inclusions (Fig. 3.5D), 
average size of inclusions (Fig. 3.5D), inclusion density in the IQD (Fig. 3.5B) 
and blebby sulphide density in the IQD (Fig. 3.5C), which is interpreted as the 
inclusions and sulphides are moving more distal from their source. 
6. At proximal Parkin 8% of inclusions had a measurable long axis-orientation and 
displayed a random array of orientations, at middle Parkin 33% of inclusions had 
a measurable long axis-orientation and were ≤9° with the local orientation of the 
dyke, and at distal Parkin 54% of inclusions had a measurable long-axis 
orientation and were parallel with the local orientation of the dyke. We interpret 
this as the emplacement of the dyke was more turbulent more proximal to the 
SIC. 
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7. The two northwestward displacements or ‘offsets’ along strike are observed along 
lithological boundaries rather than previously interpreted ‘Milnet Mine Fault 
Zone’ (Fig. 3.3). This newly recognized underlying structural control of Ni-Cu-
PGE mineralization should be considered in future Offset dyke exploration. 
8. A previously unrecognized conformable package of the Huronian Supergroup is 
observed in the Parkin township from the lowermost Mississagi Formation of the 
Hough Lake Group upwards through the entire Quirke Lake Group (Bruce 
Formation, Espanola Formation and Serpent Formation) and up to the Lorrain 
Formation of the Cobalt Group.  
9. A previously unrecognized ~020, 45° sinistral strike- slip fault with a 20–50 m 
displacement has been termed the Parkin fault (Fig. 3.2). 
10. The Ni-Cu-PGE mineralization is most abundant to distances of up to 6 km from 
the SIC and in the central IQD phase. The Co-Ni-As zoned pyrite (Fig. 3.9) 
suggests the mineralization is of primary magmatic origin with later-stage 
remobilization of PGE. 
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Chapter 4  
4 Discussion 
The Trill Offset dyke (Trill) is an east–west trending 9.5 km radial Offset dyke located on 
the western margin of the SIC adjacent to the Trillabelle embayment structure (Fig. 2.2). 
Since the initial work done by Klimesch et al. (2015) – which was actually conducted in 
2009 – several new outcrops have been located and mapped as part of this thesis. There 
are some significant similarities and differences between the Parkin and Trill Offset 
dykes despite the only ~60 km that separates them. The subsequent sections will compare 
and contrast the observations made at the Trill and Parkin Offset dykes in chapters 2 and 
3 respectively and outline future proposed work. 
The Whistle-Parkin Offset dyke was previously thought to be a northeast-southwest 
trending 12 km radial Offset dyke located in the northeast corner of the Sudbury impact 
structure (Murphy and Spray, 2002; Ames et al., 2005). The Whistle segment of the dyke 
is connected to the SIC via a 500 m long and 250 m wide embayment structure. The 
Whistle extends for 1.5 km to the northeast from the embayment where it is then 
apparently displaced ~2 km to the northwest along the so-called Post Creek fault zone. 
Beyond the displaced fault zone is the Parkin portion of the dyke which can be traced for 
another 12 km to the northeast (Murphy and Spray, 2002). More recently, however, 
North American Nickel have discovered several outcrops of Offset dyke beyond the 
proposed fault zone (Fig. 3.2) (Fedikow, 2011). These outcrops are not directly along 
strike of the Whistle. However, based on our mapping and going back to the original 
township maps (Meyn, 1970), there is no evidence for a major sinistral fault in this 
region, which suggests the Whistle-Parkin Offset dyke may actually represent two 
separate radial Offset dykes: the Whistle Offset dyke and the Parkin Offset dyke (Parkin) 
(Fig. 3.2). Further fieldwork is needed to confirm if this is the case, both on the new 
outcrops located by North American Nickel, and to determine whether the Parkin Offset 
dyke extends to the south – which one would expect if these are indeed two separate 
Offset dykes. If true, the southern extension of the Parkin Offset dyke has high potential 
for large Ni-Cu-PGE discoveries. 
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4.1 Comparison of the dyke phases 
The Parkin is typically 30–50 m in width but varies from 0–100 m (Fig. 3.3). The Trill is 
typically 10–20 m in width and varies from 3–100 m (Fig. 2.2 and 2.4). Both localities 
show localized variation in the strike direction; however, they display relatively simple 
trends regionally (e.g., NNE-SSW for Parkin and E-W for Trill). Four distinct varieties of 
quartz diorite are observed at Parkin and Trill: IQD, QD, SQD and QDg. The 
observations herein suggest the QDg and SQD represent a rapidly quenched QD on dyke 
margins and in dyklets as reported and interpreted at other Offset dykes (e.g., Copper 
Cliff, Worthington, Whistle, Foy, Kirkwood, McConnell and Manchester (Grant and 
Bite, 1984)). Sudbury breccia mostly occurs regionally and was observed nearby (<10 m) 
to middle Trill and in direct contact with proximal Trill. Sudbury breccia is made up of 
subrounded rock fragments; typically of the local host rocks, and is set in a fine-grained 
to aphanitic groundmass. It is clear, however, that neither Trill nor Parkin have Sudbury 
Breccia along their margins for any significant length, which contrasts with the model 
proposed by Wood and Spray (1998) for the Hess Offset dyke. 
The rock types are quite similar at both Parkin and Trill. The IQD occurs in the dyke 
centre and is dark-grey, fine-grained and contains abundant sub-rounded inclusions (30–
60% by total volume); however, the types of inclusions differ. At Parkin, in order of most 
abundant to least abundant the inclusions are: quartz and feldspar mineral clasts, granite, 
mafic, diabase, quartzite, gneiss, felsic volcanic and QD (Fig. 4E). At Trill, in order of 
most abundant to least abundant the inclusions are: quartz and feldspar mineral clasts, 
granite, diabase and QD (Fig. 6B). The QD occurs on the dyke margins and rarely as 
inclusions in the IQD. QD is dark grey on a fresh surface, light grey on a weathered 
surface, fine- to medium-grained and occasionally contains few inclusions (0–10% by 
total volume). Microscopically, the IQD and QD share identical modal mineralogy and 
are only distinguished via grain size. The QDg occurs on the dyke margins and in dyklets 
and is black on a fresh surface, is white to grey on a weathered surface, is very fine-
grained and rarely contains sub-angular inclusions. The SQD also occurs on the dyke 
margins and in dyklets and is black on a fresh surface, is white to grey on a weathered 
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surface, is very fine-grained, displays a spherulitic texture and rarely contains sub-
angular inclusions. The QDg and SQD share the same modal mineralogy and can only be 
distinguished via the presence or absence of spherulitic textures. 
Metabreccia occurs in the dyke centre and displays gradational contacts with the IQD, 
along the dyke margins and as oddly shaped inclusions in the QD. Metabreccia is dark 
grey, fine-grained and contains abundant sub-rounded inclusions (50–80% by total 
volume. The Metabreccia has a primary mineralogy of quartz, potassium feldspar, 
plagioclase feldspar and biotite, which makes it easily identifiable under the microscope 
in comparison to the IQD. Furthermore, many microscopic inclusions are observed in the 
Metabreccia. The sulphides are generally concentrated in the dyke centre in the IQD and 
Metabreccia and are observed as massive- to semi-massive sulphide, small veins, 
stringers and blebby sulphides. Fewer blebby and stringer sulphides are observed in the 
QD and along the dyke margins.  
Geochemistry results show that the QD, IQD, SQD, QDg at Trill and QD and IQD at 
Parkin are remarkably homogeneous in terms of major oxides (Figs. 2.10 and 3.10), LILE 
(Figs. 2.11A and 3.11A), REE (Figs. 2.11A and 3.11A) and HFSE (Figs. 2.11A and 
3.11A). Approximately 80% of all the ‘quartz diorite’ samples fall within the diorite field 
on a TAS plutonic total alkalis (Na2O and K2O) versus silica (SiO2) general igneous rock 
classification diagram (Middlemost, 1994). Minor differences in geochemistry are 
observed between the dyke phases; all of which are explained in detail in Chapters 
2.4.3.1 and 3.4.3.1. Three explanations for these variations are: 1) they represent primary 
geochemistry of the rocks and they are geochemically distinct; 2) inclusion 
contamination has affected the whole rock geochemistry or 3) metamorphic alteration has 
affected the geochemistry of a particular phase(s). Regional greenschist facies 
metamorphism has been well documented in the Sudbury area (Ames et al., 1998) and 
alteration was not observed to favour one rock type over another. The geochemical data 
collected as part of this study was picked free of macroscopic inclusions; however, two 
outliers collected during this study show evidence of inclusion contamination during 
sample preparation as seen by elevated Ce/Yb values (Figs. 2.11B and 3.11B). Therefore, 
we interpret the remainder of the data as minor changes in primary geochemistry of the 
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phases. At Trill, the IQD is enriched in MnO, Pb and U and depleted in TiO2, Al2O3, 
P2O5, Ti and all REE, the QD is enriched in Rb, and the SQD is enriched in Zr, Hf and all 
REE in comparison to the other phases (Figs. 2.10 and 2.11A). At Parkin, the QD is 
elevated in U and HREE in comparison to the IQD (Fig. 3.10 and 3.11A).  
4.2 Variation along strike 
QD, IQD and Metabreccia are observed at both proximal Parkin and Trill. QD, IQD and 
rarely Metabreccia are observed at middle Parkin and QD, IQD, SQD and QDg are 
observed at middle Trill. QD and IQD are observed in distal Parkin while only QD is 
observed at distal Trill. Massive- to semi-massive sulphide, small veins, stringers and 
blebby sulphides are observed at proximal and middle Parkin and Trill. Only few blebby 
sulphides, typically composed of pyrite are observed at distal Parkin and Trill. Few 
important implications for the formation of Offset dykes can be derived from these 
observations. Proximal Trill is ~500 m from the SIC and commonly displays Metabreccia 
along the dyke margins and as inclusions in the QD and with both gradational and sharp 
contacts to the IQD. Proximal Parkin is 3–5 km from the SIC and the Metabreccia is 
rarely observed on the dyke margins and as inclusions in the QD. Metabreccia is 
commonly observed in the dyke centre with gradational and sharp contacts to the IQD. 
This suggests that the Metabreccia forms on the dyke margins and is commonly entrained 
in the QD and IQD more proximal to the SIC (~500 m) and is almost entirely entrained in 
the IQD in more distal sections (3–5 km). It is unclear if there are gradational or sharp 
changes between these occurrences. The QD is observed at all localities along the Offset 
dykes. The IQD; however, dissipates along strike the Trill Offset dyke somewhere from 
4–8 km from the SIC. To the author’s knowledge, this is the first time this observation 
has been made and has implications for the formation of Offset dykes. 
At Parkin, a general decrease in the total number of inclusions (Fig. 3.5D), average 
inclusion density in IQD (Fig. 3.5B), average blebby sulphide density in IQD (Fig. 3.5C) 
and inclusion size (Fig. 3.5D) is observed along strike. At middle Trill, a general decrease 
in the total number of inclusions (Fig. 2.6B) and inclusion size (Fig. 2.6C) decreases 
along strike; however, an increase in the total number of blebby sulphides (Fig. 2.6D) is 
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observed along strike. The highest number of blebby sulphides at both localities, not 
surprisingly correlates well with Ni, Cu, Pt, Pd and S content in the dyke. Additionally, 
the highest number of blebby sulphides is observed near areas of massive to semi-
massive sulphide mineralization in the dykes. Interestingly at middle Trill, the highest 
abundance of diabase inclusions (Fig. 2.6B) is observed ~20 m west of a NW trending 
Matachewan diabase dyke in the host rocks (Fig. 2.4) and is interpreted to suggest the 
inclusions are moving more distal from their source towards the west.  
A total of 642 inclusions were documented in the 1 m2 grids at middle Trill and 98 or 
15% of which had a measureable long-axis orientation and they are ≤14° with the local 
orientation of the dyke. At proximal Parkin, a total of 1,439 inclusions were documented 
within the 1 m2 grids and 115 or 8% of which had a measurable long axis orientation and 
displayed a random array of orientations. At middle Parkin, a total of 360 inclusions were 
documented within the 1 m2 grids and 122 or 33% of which had a measurable long axis-
orientation and was ≤9° with the local orientation of the dyke. At distal Parkin, a total of 
283 inclusions were documented in the 1 m2 grids and 155 or 54% of which had a 
measurable long-axis orientation and the average was 020°, parallel with the local 
orientation of the dyke. This is used as evidence to suggest the emplacement of the Offset 
dykes was more turbulent more proximal to the SIC. 
The geochemical data collected as part of this study was picked free of macroscopic 
inclusions and is interpreted herein to represent the primary geochemistry of the Offset 
dyke phases; except the two outliers mentioned in previous sections which display 
inclusion contamination from sample preparation. Minor variations are observed in the 
average Offset dyke composition along strike. Proximal Parkin is enriched in Ba, Rb, K 
and LREE, middle Parkin is depleted in K and distal Parkin is enriched in MnO and 
depleted in SiO2, Na2O and P2O5 in comparison to the other localities (Fig. 3.12). 
Proximal Trill displays enrichment in MnO and U and depletion in TiO2, Al2O3, P2O5 and 
Ti in comparison to the other localities (Fig. 2.12).  
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4.3 Timing relationships 
Sudbury breccia was observed in contact with the Metabreccia and the QD at proximal 
Trill. It displays gradational contacts with both Metabreccia and QD and was not 
observed as inclusions in either. At the Worthington Offset dyke, the QD has been 
reported to inject into the Sudbury breccia (Lightfoot and Farrow, 2002). Similarly, we 
interpret the same at proximal Trill; however, its exact relationship with the Metabreccia 
is currently unknown. 
The Metabreccia is observed on the dyke margins, as irregularly shaped inclusions in the 
QD and in the dyke centre with both gradational and sharp contacts to the IQD. These 
observations are used as evidence to suggest the Metabreccia formed prior to the QD and 
IQD, which is in agreement with a recent Metabreccia study at the Whistle Offset dyke 
(Lafrance et al., 2014). Furthermore, the QD is observed to intrude the groundmass of the 
Metabreccia (Fig. 2.5F). 
The QDg and SQD display gradational contacts with the QD and are not observed as 
inclusions in the QD or IQD. They are remarkably homogeneous in terms of major 
oxides (Fig. 2.10), LILE (Fig. 2.11A), REE (Fig. 2.11A) and HFSE (Fig. 2.11A) in 
comparison to each other and with the QD. Due to these observations, we interpret the 
QDg and SQD to represent a rapidly quenched QD on dyke margins and in dyklets as has 
been observed and interpreted at other Offset dykes (e.g. Copper Cliff, Worthington, 
Whistle, Foy, Kirkwood, McConnell, Manchester and Parkin (Grant and Bite, 1984; 
Murphy and Spray, 2002). This is in contrast to Klimesch et al. (2015) who suggested the 
QDg and SQD were emplaced during a separate injection event, prior to the QD and 
IQD. This interpretation is largely based on whole-rock geochemistry provided by 
Wallbridge Mining Company Limited; which includes all macroscopic inclusions in the 
dyke. Specifically, the interpretation is largely based on Ce/Yb and Ba concentrations in 
the dyke phases suggesting that if one particular phase is elevated in these values, like the 
Cartier Batholith, this suggests host rock assimilation. The geochemistry collected as part 
of this study, free of macroscopic inclusions, shows that no one particular dyke phase is 
elevated or depleted in Ce/Yb or Ba; rather few outliers exist from a variety of phases and 
suggests inclusion contamination, not host rock assimilation. 
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At nearly all localities the IQD is observed in the dyke centre with both sharp (Fig. 2.5B) 
and gradational (Fig. 2.5A) contacts to the QD on dyke margins. The QD is also 
occasionally observed as inclusions within the IQD at both Parkin and Trill (Fig. 2.5B). 
These observation have been used previously to suggest the QD formed prior to the IQD 
via multiple injections (Rickard and Watkinson, 2001; Lightfoot and Farrow, 2002); 
conversely it has been shown that these observations can be achieved via flow 
differentiation (Bhattacharji and Smith, 1964; Cochrane, 1984; Grant and Bite, 1984). 
We demonstrate herein that the IQD dissipates along strike the Trill Offset dyke 
somewhere between 4–8 km. Similar observations have been made in flow differentiation 
experiments by Bhattacharji and Smith (1964). They observed a high concentration of 
solid particles in the centre of a flowing fluid (e.g. IQD) with few solid particles on its 
margin (e.g. QD). Furthermore, the reason as to why the IQD is not observed beyond 8 
km at Trill is likely due to a slower emplacement velocity as similarly observed in the 
experimental models (Bhattacharji and Smith, 1964); Offset dykes with higher 
emplacement velocities would expect to have a higher concentration of solid particles 
(e.g. IQD) in more distal sections. Alternatively, these observations could be achieved via 
the multiple injection hypothesis if the second injection (i.e. IQD) was emplaced at a 
slower velocity than that of the first. Resulting in the IQD dissipating along strike. 
4.4 Ni-Cu-PGE mineralization 
The sulphides of the Parkin and Trill Offset dykes consist of massive to semi-massive 
sulphide, small veinlets, stringers and disseminated blebby sulphides typically 
concentrated in the dyke centre with lesser amounts towards the dyke margins and 
occasionally into the host rocks. These observations are supported geochemically (see 
sections 2.4.3.3 and 3.4.3.3.) as higher values of Ni, Cu, Pt, Pd, S are observed in the IQD 
and at distances in the Offset dykes up to 6 km from the SIC. The dominant massive 
sulphide mineral assemblage consists of pyrrhotite, pentlandite and chalcopyrite with 
trace amounts of pyrite, galena, chromite and sphalerite. Massive chalcopyrite-rich rims 
are occasionally observed around mafic clasts in the Parkin Offset dyke (Fig. 2.4E). The 
blebby sulphides are typically composed of pyrrhotite, pentlandite and pyrite with lesser 
amounts of chalcopyrite. Occasionally, small chalcopyrite-rich veinlets and stringers are 
122 
 
observed in the Offset dykes. Seven pyrites observed at the Parkin display concentric 
oscillatory zoning of As, Co and Ni (Fig. 3.9) and all pyrite observed within massive 
sulphide at Trill display concentric oscillatory zoning of Co (Fig. 2.9 A–E). IPGE, Pt, Co 
and As zoning have been observed elsewhere in the Sudbury structure and interpreted to 
have exsolved from the monosulphide solid solution (MSS), with the zonation formed 
during their growth (Farrow and Watkinson, 1992; Naldrett et al., 1999; Vanden Berg 
and Krstic, 2005). Indicating the zoned pyrites observed in this study were exsolved from 
MSS, while those without zonation patterns are formed via alteration of MSS by deuteric 
fluids (Dare et al., 2011; Craig and Solberg, 1999). 
The PGEs are most often found as rounded grains of PGE bismuth tellurides (Pd-Bi-Te, 
Pt-Pd-Bi-Te, Pt-Bi-Te), which are observed within pyrrhotite, chalcopyrite, pentlandite, 
and pyrite (Figs 2.8D and E; and 3.8A, C and D). The PGE are also found as braggite (Pt-
Pd-Ni)S; which is observed in association with pyrrhotite and chromite (Fig. 2.8B). 
Niggliite (Pt-Sn) has been observed within pyrite and chalcopyrite (Fig. 2.8C). 
Sperrylites (PtAs2) (Fig. 3.8E) and sudburyite (Pd0.75Ni0.25Sb) (Fig. 3.8 F) were observed 
in blebby pyrite clusters in the IQD. Remobilized PGE were observed along the dyke 
margins as palladium bismuth tellurides (Pd-Bi-Te), which are observed within 
chalcopyrite, actinolite, chlorite and calcite (Fig. 3.8A). Braggite and niggliite (Cabri et 
al., 1978; Shelton et al., 1981) have been studied experimentally and form at magmatic 
temperatures ≥1000°C. These minerals are found in massive sulphide in the Offset dykes 
providing evidence for a magmatic origin to these deposits. In some locations, PGE 
remobilization has occurred and is observed as euhedral PGE bismuth tellurides along the 
dyke margins intergrown with chalcopyrite, actinolite, calcite and chlorite (Fig. 3.8A). 
This later-stage remobilization could have been induced and potentially reactivated 
during a number of post-impact geologic events: impact-induced hydrothermal system 
(Ames et al., 1998), late Penokean orogeny (Van Schmus, 1976), Yavapai Orogeny 
(Raharimahefa et al., 2014), Mazatzal–Labradorian Orogeny (Bailey et al., 2004) and/or 
Grenville orogeny (Davidson, 1992), 
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4.5 General emplacement history 
All observations made in the previous sections lead us to the following generalized 
emplacement history for the Trill and Parkin Offset dykes. The Sudbury breccia formed 
prior to the emplacement of the Offset dykes and occasionally is observed along the dyke 
margins. The Metabreccia forms on the dyke margins and is commonly entrained in the 
QD and IQD more proximal to the SIC (~500 m) and is almost entirely entrained in the 
IQD in more distal sections (3–4 km). The relationship between the Sudbury Breccia and 
Metabreccia remains enigmatic and so does the continuum of Metabreccia along Offset 
dykes. Subsequently, the QD is emplaced along the dyke margins and is chilled against 
the host rocks, resulting in the formation of SQD and QDg. Subsequently or 
contemporaneously, the IQD was emplaced into the dyke centre entraining inclusions of 
local host rocks, exotic rocks, Metabreccia and QD. The IQD dissipates along strike at 
the Trill from 4–8 km. The sulphides were exsolved from the MSS during or prior to the 
emplacement of the Offset dykes at initial temperatures of ≥ 1000°C. Post-impact 
alteration, potentially caused by a variety of sources: impact-induced hydrothermal 
system (Ames et al., 1998), late Penokean orogeny (Van Schmus, 1976), Yavapai 
Orogeny (Raharimahefa et al., 2014), Mazatzal–Labradorian Orogeny (Bailey et al., 
2004) and/or Grenville orogeny (Davidson, 1992), altered the rocks and more importantly 
remobilized some of the PGE in the Offset dykes and along their margins. 
4.6 Conclusions 
Regional exploration by Wallbridge Mining Company Limited has led to several Offset 
dyke Ni-Cu-PGE and Cu-(Ni)-PGE Footwall discoveries over the past decade, including 
the discovery and extension of the Trill Offset dyke, definition of the Parkin resource and 
the discovery of the Milnet 1500 zone. The Parkin and Trill Offset dykes offer valuable 
insight into Ni-Cu-PGE exploration strategies, Offset dyke emplacement, Ni-Cu-PGE 
deposits and impact cratering mechanics. The following provides a list of key 
observations and interpretations made throughout this study: 
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1. Five distinct rock types are observed at the Parkin and Trill Offset dykes: QD, 
IQD, SQD, QDg and Metabreccia. SQD and QDg represent a rapidly cooled QD 
along dyke margins and in dyklets. 
2. Detailed geochemistry of each phase and all host rocks along strike suggests 
minor variations in primary geochemistry are observed between the dyke phases 
and the average dyke composition varies along strike. 
3. The Ni-Cu-PGE mineralization is observed in higher concentrations towards the 
dyke centre and at distances up to 7 km from the SIC. 
4. Braggite (Pt-Pd-Ni)S, niggliite (Pt-Sn) and Co±Ni±As zoned pyrite suggest the 
sulphides were exsolved from the MSS. Evidence for late-stage remobilization of 
PGEs is observed as PGE-bismuth-tellurides along dyke margins with 
metamorphic mineral assemblages.  
5. One m2 grid mapping reveals the total number of inclusions, the average size of 
inclusions and inclusion density in the IQD decreases along strike. The blebby 
sulphide density in IQD decreases along strike at the Parkin and increases along 
strike at middle Trill towards a zone of massive sulphide where the dyke also 
widens from 7–10 m.  
6.  One m2 grid mapping also revealed 8% of inclusions at proximal Parkin had a 
measurable long-axis orientation with a random array of orientations, 33% at 
middle Parkin had a measurable long-axis orientation and were ≤9° with the local 
dyke orientation and 54% at distal Parkin had a long-axis orientation parallel to 
the local dyke orientation. This is used as evidence to suggest the dyke was more 
turbulent during emplacement nearer to the SIC. 
7. At middle Trill there is a high abundance of diabase inclusions in the dyke ~20 m 
west of a Matachewan diabase dyke in the host rocks. This is interpreted to 
suggest the inclusions are moving towards the west; however, it is important to 
note this does not preclude a downwards component in flow direction.  
8. At Middle Trill 15% of inclusions had a measurable long-axis orientation ≤ 14° 
with the local dyke orientation. This data is used as evidence to suggest the dyke 
was turbulent during emplacement and that the inclusions that displayed a long-
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axis orientation were orientated near parallel with the general flow direction of the 
dyke (e.g. outwards). 
9. Updated regional scale maps show the current extent of the Parkin Offset dyke, 
Whistle Offset dyke and the Trill Offset dyke. It is currently unclear whether the 
Parkin Offset dyke is connected to the SIC; however, could prove to be a valuable 
exploration target. 
10. A previously unrecognized conformable package of the Huronian Supergroup is 
observed in the Parkin township along strike the Parkin Offset dyke from the 
Mississagi Formation of the Hough Lake Group upwards through the entire 
Quirke Lake Group (e.g. Bruce Formation, Espanola Formation and Serpent 
Formation) to the Lorrain Formation of the Cobalt Group.  
11. The Parkin is ‘offset’ and completely pinched out along the lithological contact 
between the lower meta-limestone member and middle meta-sandstone and meta-
silstone member of the Espanola Formation at the Milnet Mine. Similarly, ~500 m 
north of the Milnet mine the dyke is displaced and narrows to ~5 m along the 
upper meta-limestone member of the Espanola Formation and the overlying meta-
sandstones of the Serpent Formation. The previously interpreted Milnet mine fault 
zone was not observed as a topographic or geologic feature at surface or in drill 
core. This offset along the lithological boundaries acts as a structural trap for 
mineralization and this type of environment should be considered in future Offset 
dyke exploration. 
12. At middle Trill, two parallel splays of the Offset dyke ~75 m apart are observed 
and resemble either a large-scale en echelon dyke or a large clast is found within 
the dyke. This geometry favours Ni-Cu-PGE mineralization and a zone of 
massive sulphide is observed where the dyke is pinched out along the southern 
splay  
13. The IQD is pinched out along strike the Trill Offset dyke somewhere from 4–8 
km from the SIC resulting in a QD dyke. Similar results are observed in flow 
differentiation experiments; however, could also be achieved via the multiple 
injection hypothesis. 
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Appendices 
Appendix A. Trill Offset dyke Geochemistry 
 
Sample'ID SUD+ABC+120 SUD+ABC+122 SUD+ABC+126C SUD+ABC+126D SUD+ABC+126E SUD+ABC+129 SUD+ABC+130 SUD+ABC+132 SUD+ABC+134
Easting'NAD83 454830 454841.4 454847.8 454847.8 454847.8 455390.8 455397.1 455321.5 455135.7
Northing'NAD83 5147291.8 5147276.9 5147278.7 5147278.7 5147278.7 5147343.2 5147339.5 5147312.2 5147285.8
Date 18+Jun+13 13+06+18 13+06+18 13+06+18 13+06+18 13+06+19 13+06+19 13+06+19 13+06+19
Sample'Type GRAB GRAB GRAB GRAB GRAB GRAB GRAB GRAB GRAB
Location Trill Trill Trill Trill Trill Trill Trill Trill Trill
Geologist' ABC ABC ABC ABC ABC ABC ABC ABC ABC
Rock'Type GR QD QD IQD QD DIA QD IQD DIA
SiO2 57.1 62.2 61.3 59.9 61.7 47.4 60.8 62.5 54.2
Al2O3 16.65 14.5 13.85 13.6 15.1 10.4 13.95 13.4 13.5
Fe2O3 6.64 8.13 8.76 8.95 7.81 11.85 8.55 6.83 14.45
CaO 4.66 5.1 4.98 4.9 5.46 5.92 4.23 4.36 5.93
MgO 2.58 3.79 3.54 3.46 3.78 15.4 3.63 3.33 3.04
Na2O 4.41 3.31 3.19 3.04 3.29 1.05 3.67 3.2 4.4
K2O 4.58 2.18 2.16 2.23 2.36 2.49 3.05 2.34 1.85
Cr2O3 <0.01 0.02 0.02 0.02 0.02 0.28 0.02 0.02 <0.01
TiO2 0.99 0.74 0.72 0.73 0.71 0.52 0.74 0.63 1.94
MnO 0.09 0.13 0.12 0.11 0.11 0.2 0.11 0.12 0.16
P2O5 0.45 0.19 0.17 0.15 0.19 0.07 0.19 0.16 0.37
SrO 0.08 0.05 0.04 0.04 0.05 0.01 0.04 0.04 0.06
BaO 0.35 0.09 0.07 0.07 0.08 0.05 0.11 0.08 0.1
C 0.02 0.02 0.02 0.02 0.05 0.02 0.02 0.04 0.05
S 0.02 0.06 0.55 0.75 0.09 <0.01 0.04 0.11 0.02
Ba 3200 807 686 641 763 511 978 752 875
Ce 229 79.9 74.2 67.3 75 31.2 66.8 78.1 89.8
Cr 30 150 130 130 140 2070 140 110 20
Cs 0.26 0.87 1.88 2.28 1.89 1.52 3.39 1.15 1.28
Dy 4.68 3.88 3.52 3.24 3.68 1.88 3.87 3.26 5.72
Er 1.9 2.08 2.05 1.91 2.04 1.29 2 1.74 2.78
Eu 2.8 1.33 1.25 1.21 1.37 0.35 1.24 1.21 2.38
Ga 22.1 19.2 17.9 18 19.1 12 18 17.5 25.4
Gd 7.57 4.7 4.33 4.06 4.5 1.53 4.43 3.97 7.45
Hf 7 4.4 4.4 4.3 4.5 2 4.5 4.3 6.7
Ho 0.78 0.77 0.73 0.69 0.74 0.43 0.74 0.66 1.05
La 128 40.5 36.6 33.3 37 10.9 32.4 39.3 41.3
Lu 0.22 0.29 0.28 0.27 0.27 0.21 0.27 0.24 0.36
Nb 10.3 7.7 7.7 7.7 7.6 2.9 7.4 8.1 13.8
Nd 91.9 33.5 30.6 27.6 31.8 9 27.8 30.9 44.2
Pr 27.5 9.23 8.53 7.74 8.72 2.63 7.85 8.9 11.1
Rb 67.3 67.9 65.5 76.6 79.1 103.5 176.5 79.1 56.9
Sm 14.4 6.04 5.96 5.23 6.02 1.78 5.51 5.57 8.87
Sn 3 1 2 2 2 1 1 1 2
Sr 708 410 380 357 403 51.6 350 371 561
Ta 0.5 0.5 0.5 0.5 0.5 0.2 0.5 0.5 1
Tb 0.95 0.67 0.65 0.58 0.62 0.29 0.65 0.58 0.97
Th 16.3 8.13 7.93 8.04 8.02 2.66 7.9 10.1 4.98
Tm 0.26 0.29 0.29 0.29 0.3 0.2 0.31 0.26 0.39
U 1.87 1.74 1.73 1.73 1.74 0.5 1.64 2.27 0.94
V 108 144 140 141 142 168 147 118 279
W <1 1 1 1 1 <1 <1 1 <1
Y 20.3 19.8 19.4 17.9 19.2 10.9 19.9 16.5 26.6
Yb 1.7 1.9 1.87 1.8 1.88 1.36 1.92 1.52 2.31
Zr 330 175 174 167 176 72 174 166 255
As 0.4 1 0.8 0.8 0.8 0.1 0.3 1.3 0.5
Bi 0.02 0.04 0.24 1.64 0.03 <0.01 0.02 0.03 0.03
Hg <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Sb <0.05 0.09 0.1 0.11 0.05 <0.05 0.06 0.09 0.05
Se 0.5 0.4 1.7 3.4 0.5 0.2 0.4 0.3 0.4
Te <0.01 <0.01 0.2 1.33 <0.01 0.02 0.01 0.01 <0.01
Tl 0.09 0.19 0.45 0.57 0.41 0.68 0.9 0.28 0.29
LOI 0.91 1.4 1.02 1.34 1.06 3.52 0.97 1.14 0.05
Total 99.49 101.83 99.94 98.54 101.72 99.16 100.06 98.15 100.05
Ag <0.5 <0.5 0.6 3.1 <0.5 <0.5 <0.5 <0.5 <0.5
Cd 0.6 0.9 0.7 1 0.5 1.1 0.5 <0.5 1.3
Co 12 29 52 50 27 64 29 22 38
Cu 101 235 701 3900 75 6 49 64 42
Li 10 10 20 20 20 60 20 20 10
Mo <1 1 1 <1 1 <1 1 1 <1
Ni 58 165 705 775 102 548 68 64 23
Pb 18 15 50 58 15 4 6 10 22
Sc 11 17 17 17 16 30 17 14 18
Zn 82 100 104 101 81 187 95 87 126
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Sample'ID SUD+ABC+140 SUD+ABC+294 SUD+ABC+300 SUD+ABC+308 SUD+ABC+527+12 SUD+ABC+528+3 SUD+ABC+529 SUD+ABC+530 SUD+ABC+531
Easting'NAD83 455004.1 454829.9 454968.8 454882.8 458361 458371 458361.5 458388.3 458388.3
Northing'NAD83 5147297.9 5147294.3 5147277.2 5147354.9 5146925 5146939 5147020.4 5146978.6 5146978.6
Date 13+06+19 13+08+11 13+08+13 13+08+14 14+06+27 14+06+27 13+12+18 13+12+18 13+12+18
Sample'Type GRAB GRAB GRAB GRAB GRAB GRAB DH DH DH
Location Trill Trill Trill Trill Trill Trill Trill Trill Trill
Geologist' ABC ABC ABC ABC ABC ABC ABC ABC ABC
Rock'Type QD GR QDg QD QD MetaBX IQD IQD IQD
SiO2 61.7 56.8 60.8 61.2 62.9 67.3 62.2 61.7 61.1
Al2O3 14.55 17.85 14.75 14.7 13.8 16.25 13.85 13.7 13.9
Fe2O3 7.44 6.35 7.74 7.65 7.57 3.5 7.1 7.47 7.92
CaO 4.15 4.6 5.1 5 5.37 2.28 5.74 5.04 5.26
MgO 3.7 2.28 3.61 3.69 3.75 1.03 3.88 3.7 3.75
Na2O 3.67 4.3 3.28 3.09 3.21 3.42 3.31 3.02 3.04
K2O 2.66 5.56 2.21 2.49 2.31 5.15 1.79 2.19 2.41
Cr2O3 0.02 <0.01 0.02 0.02 0.02 <0.01 0.02 0.02 0.02
TiO2 0.68 0.96 0.71 0.71 0.62 0.33 0.63 0.62 0.62
MnO 0.12 0.08 0.11 0.13 0.17 0.05 0.16 0.15 0.17
P2O5 0.17 0.67 0.19 0.18 0.16 0.14 0.16 0.16 0.16
SrO 0.04 0.12 0.04 0.05 0.04 0.06 0.04 0.04 0.04
BaO 0.08 0.42 0.08 0.08 0.09 0.23 0.08 0.07 0.08
C 0.02 0.03 0.02 0.02 0.02 0.09 0.02 0.15 0.03
S 0.07 0.01 0.05 0.06 0.18 0.06 0.27 0.19 0.17
Ba 771 3610 682 654 744 2090 688 614 739
Ce 76.6 258 75.3 73 66.8 114 70.6 60.2 71.1
Cr 150 30 140 140 140 20 130 130 140
Cs 0.52 0.49 1.88 1.35 2.73 0.96 0.83 1.84 3.09
Dy 3.84 5.07 3.63 3.7 3.43 1.25 3.58 3.18 3.5
Er 2.08 1.93 2 2.02 2.07 0.63 1.92 1.83 1.93
Eu 1.38 3.09 1.3 1.31 1.15 0.91 1.13 1.11 1.3
Ga 19.5 22.3 18.3 18.2 17.6 19.1 17.9 17.7 18.5
Gd 4.69 8.66 4.39 4.5 4.26 2.28 4.1 3.74 4.14
Hf 4.8 8.7 4.5 4.4 4.5 7.3 4.2 4.3 4.6
Ho 0.72 0.8 0.71 0.69 0.68 0.2 0.68 0.66 0.71
La 38.2 144 37 35.9 33.2 62 34.9 29.4 35.3
Lu 0.27 0.23 0.28 0.3 0.26 0.08 0.26 0.26 0.29
Nb 8.3 11.1 7.5 7.6 7.6 2.8 7.5 7.3 7.6
Nd 31.8 97.4 30.6 30 28.4 35.3 28.7 26.1 29.3
Pr 8.65 28.7 8.44 8.33 7.49 11.4 7.89 6.96 8.06
Rb 118.5 91 79.6 76.6 91.4 121 42.4 78.1 95.5
Sm 5.66 14.6 5.24 5.4 4.95 4.34 5.12 4.73 5.36
Sn 2 2 2 2 2 1 1 1 1
Sr 376 998 361 409 348 566 336 327 359
Ta 0.7 0.8 0.6 0.6 0.6 0.2 0.6 0.6 0.6
Tb 0.66 1.05 0.61 0.62 0.58 0.27 0.6 0.53 0.63
Th 8.41 18.3 7.62 7.43 7.55 12.3 7.73 7.79 7.87
Tm 0.3 0.27 0.28 0.25 0.26 0.07 0.26 0.25 0.27
U 1.86 2.77 2.04 1.66 2.49 0.92 2.45 2.54 2.38
V 139 92 137 136 133 41 129 130 139
W 1 <1 1 2 1 <1 <1 <1 1
Y 19.8 20.3 18.6 18.5 17.9 5.9 17.7 17.1 18.8
Yb 1.86 1.67 1.82 1.82 1.81 0.52 1.73 1.76 1.75
Zr 174 417 167 163 160 291 150 156 164
As 0.5 0.4 0.7 0.5 1.8 0.5 2.5 0.8 5.6
Bi 0.01 0.02 0.03 0.02 0.05 0.04 0.05 0.02 0.02
Hg <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Sb 0.08 <0.05 <0.05 0.05 0.14 0.12 0.09 0.11 0.15
Se 0.4 0.6 0.2 0.2 0.3 0.2 0.3 0.4 0.3
Te <0.01 <0.01 <0.01 <0.01 0.01 0.02 0.02 0.01 <0.01
Tl 0.08 0.17 0.42 0.15 0.49 0.08 0.08 0.28 0.46
LOI 1.13 0.88 0.98 1.39 0.72 1.25 1.23 1.67 0.66
Total 100.11 100.87 99.62 100.38 100.73 100.99 100.19 99.55 99.13
Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cd <0.5 0.5 0.5 0.6 0.6 <0.5 0.6 0.5 0.5
Co 25 9 30 26 24 8 35 22 25
Cu 35 131 106 52 74 43 64 71 55
Li 20 10 20 20 10 10 10 10 10
Mo 1 <1 <1 1 4 1 2 2 2
Ni 63 67 77 65 72 51 70 72 72
Pb 5 23 10 5 12 16 37 4 7
Sc 16 9 17 17 15 2 14 15 15
Zn 70 77 95 80 102 41 108 67 76
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Sample'ID SUD+ABC+532 SUD+ABC+533 SUD+ABC+534 SUD+NB+100 SUD+NB+108 SUD+NB+118 SUD+NB+121 SUD+NB+127
Easting'NAD83 458388.3 458342 458365 458367 458380 458371
Northing'NAD83 5146978.6 5146928 5146927 5146948 5146962 5146973
Date 13+12+18 13+08+15 13+08+15 14+08+07 14+08+07 14+08+09 14+08+10 14+08+10
Sample'Type DH DH DH GRAB GRAB GRAB GRAB GRAB
Location Trill Trill Trill Trill Trill Trill Trill Trill
Geologist' ABC ABC ABC NB NB NB NB NB
Rock'Type IQD SQD QDg QD IQD QD QD QD
SiO2 61.5 61.1 59.7 62.2 62.7 52.7 50.1 53.1
Al2O3 13.75 15 14.8 13.9 13.8 12 13.2 12.4
Fe2O3 8.14 7.92 6.36 7.07 7.38 12.5 17.15 15.15
CaO 4.79 5.67 5.75 4.97 4.89 4.4 9.56 7.16
MgO 4 3.84 4.27 3.73 3.82 9.42 5.35 5
Na2O 3.02 2.81 4.51 3.05 3.59 1.61 2.58 2.93
K2O 2.65 1.77 2.65 2.54 1.59 1.88 0.97 0.89
Cr2O3 0.02 0.02 0.02 0.02 0.02 0.07 0.01 0.01
TiO2 0.6 0.72 0.73 0.62 0.62 0.62 1.71 1.8
MnO 0.15 0.11 0.08 0.15 0.13 0.14 0.27 0.17
P2O5 0.16 0.18 0.19 0.16 0.17 0.19 0.25 0.27
SrO 0.04 0.04 0.06 0.04 0.05 0.02 0.02 0.06
BaO 0.1 0.07 0.15 0.08 0.08 0.04 0.03 0.04
C 0.17 0.03 0.03 0.02 0.09 0.03 0.03 0.03
S 0.16 0.05 0.05 0.15 0.25 1.34 0.13 0.58
Ba 879 618 1310 652 676 350 255 349
Ce 83.9 82.1 75.1 64.7 64.9 75.7 38.5 92.6
Cr 130 170 150 120 130 540 80 100
Cs 1.2 1.59 0.95 3.01 0.72 6.11 3.08 1.97
Dy 3.61 3.84 3.52 3.36 3.31 3.54 6.28 5.92
Er 2.07 2.09 2.01 1.83 1.83 1.76 3.94 2.99
Eu 1.22 1.46 1.2 1.12 1.12 1.22 1.48 2.27
Ga 18.1 20.2 18.1 16.9 18 17.4 19.8 19.7
Gd 4.34 4.96 4.57 4 4.14 4.26 5.93 7.22
Hf 4.3 5 4.7 4.6 4.4 3.6 4 6.3
Ho 0.72 0.77 0.69 0.66 0.65 0.65 1.38 1.14
La 42.7 40.4 40.4 32.7 32.3 36.4 17.4 45
Lu 0.29 0.3 0.29 0.24 0.27 0.26 0.61 0.4
Nb 8 7.9 7.4 7.2 7.5 6.6 6.6 18.3
Nd 33.2 34.1 32.7 26.6 27.8 31.6 20.8 42.5
Pr 9.34 9.21 8.67 7.36 7.47 8.67 4.85 10.95
Rb 80.1 68.3 80.2 100.5 40.3 127.5 51.4 34.4
Sm 5.87 6.33 5.99 4.67 5.13 5.26 5.18 8.4
Sn 1 2 2 1 1 2 2 2
Sr 388 441 485 321 404 217 202 503
Ta 0.7 0.6 0.6 0.6 0.6 0.5 0.6 1.3
Tb 0.62 0.67 0.64 0.54 0.6 0.58 1.01 1.01
Th 8.44 8.19 7.85 7.64 8.01 6.73 2.95 3.58
Tm 0.3 0.3 0.25 0.27 0.25 0.25 0.59 0.39
U 2.98 1.98 2 2.68 2.56 1.45 0.72 0.53
V 138 152 137 126 129 135 416 178
W 1 1 <1 1 1 1 1 1
Y 18.8 20.2 19.1 17.2 17.4 17 35.4 28
Yb 1.98 2.02 1.95 1.83 1.56 1.57 3.99 2.61
Zr 159 183 170 166 157 127 143 237
As 1.4 0.8 0.5 3.2 1.4 1.9 0.4 0.5
Bi 0.02 0.03 0.01 0.02 0.05 0.42 0.02 0.06
Hg <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Sb 0.12 0.08 0.09 0.13 0.14 0.1 0.12 0.08
Se 0.4 0.3 0.2 0.4 0.4 3.1 0.6 0.6
Te 0.01 <0.01 0.01 0.01 0.01 0.69 0.01 0.02
Tl 0.14 0.29 0.2 0.59 0.09 1.22 0.38 0.25
LOI 2.03 1.39 0.72 0.99 1.78 3.46 0.13 1.37
Total 100.95 100.64 99.99 99.52 100.62 99.05 101.07 100.35
Ag <0.5 <0.5 <0.5 <0.5 <0.5 1.3 <0.5 <0.5
Cd <0.5 0.6 <0.5 0.6 0.8 1.1 1.6 0.8
Co 23 27 13 24 25 113 52 65
Cu 71 71 59 64 58 2190 133 245
Li 20 30 20 10 10 20 <10 10
Mo 2 1 1 2 3 1 1 1
Ni 69 73 64 72 73 1760 63 147
Pb 12 12 6 7 63 9 5 8
Sc 14 16 16 14 14 17 41 16
Zn 75 89 44 72 154 137 116 128
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Appendix B. Parkin Offset dyke geochemistry 
 
Sample'ID SUD+ABC+077 SUD+ABC+111 SUD+ABC+166B SUD+ABC+166D SUD+ABC+167 SUD+ABC+168 SUD+ABC+170 SUD+ABC+172 SUD+ABC+174
Easting'NAD83 508825.4 510597.5 510485.1 510485.1 510487.4 510485.1 510479.8 510481.5 510407.4
Northing'NAD83 5182736.4 5187599.1 5185819.1 5185819.1 5185817.9 5185822.2 5185818 5185828.6 5185310.3
Date 13+06+13 13+06+15 13+07+14 13+07+14 13+07+14 13+07+14 13+07+14 13+07+14 13+07+16
Sample'Type Surface Surface Surface Surface Surface Surface Surface Surface Surface
Location Parkin Parkin Parkin Parkin Parkin Parkin Parkin Parkin Parkin
Geologist' ABC ABC ABC ABC ABC ABC ABC ABC ABC
Rock'Type QD QD QD'dyklet QD'dyklet QD QD QD QD QD
SiO2 61.3 57.4 57.3 43.4 59 60 63.8 58.8 60.4
Al2O3 14.45 14.1 14.1 8.38 14.35 14.75 16.45 14.95 14.65
Fe2O3 7.37 7.07 4.7 5.74 3.01 7.97 3.43 4.88 7.68
CaO 3.1 3.81 7.62 17.4 7.8 3.02 2.3 6.34 4.29
MgO 3.43 2.85 3.85 7.42 2.89 4.08 2 2.95 3.54
Na2O 3.51 2.61 6.83 4 8.28 5.57 9.33 8.03 4.49
K2O 2.66 2.29 0.19 0.18 0.1 1.6 0.1 0.33 1.89
Cr2O3 0.02 0.02 0.02 0.1 0.02 0.02 0.02 0.02 0.02
TiO2 0.71 0.7 0.68 0.52 0.68 0.72 0.82 0.71 0.71
MnO 0.09 0.13 0.03 0.06 0.03 0.04 0.02 0.06 0.07
P2O5 0.18 0.16 0.18 0.12 0.17 0.18 0.21 0.18 0.19
SrO 0.05 0.03 0.01 0.01 <0.01 0.01 <0.01 <0.01 0.03
BaO 0.08 0.06 0.01 0.01 <0.01 0.04 <0.01 0.01 0.05
C 0.3 1.55 1.35 2.87 1.32 0.28 0.11 0.88 0.26
S 0.19 0.05 0.17 0.04 0.17 0.03 0.48 0.14 0.04
Ba 790 532 71.6 49 45.1 366 30.9 82.1 496
Ce 80 68.2 73 28.5 67.4 70.6 86 68.4 72.7
Cr 140 140 150 720 150 160 160 160 150
Cs 0.77 1.89 0.16 0.24 0.14 2.85 0.09 0.26 2.28
Dy 3.88 3.8 3.67 3.13 3.75 3.61 3.82 3.69 3.7
Er 2.07 2.3 2.14 1.3 1.77 1.98 2.07 2.03 2.03
Eu 1.37 1.37 1.43 1.27 1.86 1.47 2.06 1.46 1.28
Ga 20.2 19.2 18.8 13.5 16 18.2 18.2 16.8 20.1
Gd 5.07 4.58 5.36 4.31 5.28 4.17 5.49 4.96 4.45
Hf 4.8 4.5 4.2 2.5 4.1 4.2 4.9 4.8 4.7
Ho 0.74 0.79 0.84 0.58 0.76 0.73 0.79 0.76 0.77
La 40 34 37.1 11.9 32.2 34.8 41.4 32.9 35.3
Lu 0.28 0.29 0.3 0.15 0.24 0.27 0.28 0.32 0.28
Nb 8.7 8.5 7.9 6 7.8 7.9 9.4 8.2 8.4
Nd 32.3 29.3 31 16.5 30.4 30.4 36.1 31.1 31.6
Pr 8.97 7.86 8.22 3.94 8.07 8.09 9.79 8.02 8.46
Rb 102.5 80.7 6.1 6.4 1.9 86 2 10.8 93.9
Sm 5.82 5.6 6.06 4.26 6.42 5.62 6.62 5.95 5.54
Sn 1 1 1 2 2 1 2 1 1
Sr 384 245 39.7 50 33.7 131 24.1 41.1 255
Ta 0.6 0.5 0.5 0.4 0.5 0.5 0.6 0.5 0.5
Tb 0.73 0.69 0.82 0.6 0.73 0.65 0.77 0.72 0.62
Th 9.2 7.94 7.15 3.15 7.63 7.83 8.5 8.2 8.07
Tm 0.3 0.27 0.29 0.17 0.22 0.31 0.32 0.28 0.3
U 1.93 1.68 2.17 1.36 2.58 1.64 4.12 2.09 1.85
V 141 135 138 172 118 144 102 131 139
W 1 2 2 1 2 1 2 2 1
Y 20.1 19.9 20.8 15.8 18.6 19.3 19.8 19.5 19.9
Yb 1.81 1.78 1.76 1.11 1.51 1.83 1.93 1.84 2.04
Zr 179 167 152 79 148 167 183 166 176
As 3 1.1 3.5 0.2 4.4 3.3 5.1 3.6 3.2
Bi 0.09 0.09 0.13 0.06 0.16 0.12 0.28 0.15 0.05
Hg 0.009 0.009 0.008 0.007 0.011 0.023 0.007 0.007 0.01
Sb 0.18 0.08 0.14 0.1 0.14 0.18 0.15 0.15 0.23
Se 0.5 0.3 0.5 0.3 0.6 0.4 0.8 0.5 0.4
Te 0.03 0.01 0.02 0.02 0.04 0.03 0.04 0.02 0.01
Tl 0.28 0.02 <0.02 0.02 <0.02 0.3 <0.02 0.03 0.31
LOI 2.65 7.51 5.6 11.7 4.85 1.54 1.24 3.84 2.34
Total 99.6 98.74 101.12 99.04 101.18 99.54 99.72 101.1 100.35
Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Co 26 24 23 12 21 20 45 22 18
Cu 62 81 5 7 17 28 1 2 47
Li <10 30 <10 <10 <10 10 <10 <10 <10
Mo <1 <1 <1 <1 <1 <1 <1 <1 1
Ni 49 71 123 188 147 68 64 54 52
Pb 6 10 <2 3 <2 2 <2 2 <2
Sc 16 16 16 52 15 17 16 16 15
Zn 64 72 12 21 7 19 7 15 32
Au 0.005
Pt <0.005
Pd 0.005
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Sample'ID SUD+ABC+181 SUD+ABC+184 SUD+ABC+185 SUD+ABC+187 SUD+ABC+190 SUD+ABC+191 SUD+ABC+193 SUD+ABC+194 SUD+ABC+199
Easting'NAD83 510480.7 510467.6 510475 510476.6 510447.4 510456 510438 510437 510398.2
Northing'NAD83 5185850.8 5185849.1 5185837.8 5185833.6 5185840.2 5185844.3 5185850.4 5185851 5185308.9
Date 13+07+17 13+07+18 13+07+18 13+07+18 13+07+18 13+07+18 13+07+18 13+07+18 13+07+19
Sample'Type Surface Surface Surface Surface Surface Surface Surface Surface Surface
Location Parkin Parkin Parkin Parkin Parkin Parkin Parkin Parkin Parkin
Geologist' ABC ABC ABC ABC ABC ABC ABC ABC ABC
Rock'Type QD QD QD QD IQD IQD IQD QD QD
SiO2 58.8 62.2 60.8 65.1 61.8 60.1 59.7 60.9 60.9
Al2O3 15 15.05 14.6 14.75 14.9 14.25 14.5 15.25 14.3
Fe2O3 5.23 8.49 7.52 6.98 7.62 8.27 8.34 5.84 7.25
CaO 4.34 2.51 3.32 2.05 3.05 3.61 3.85 3.7 3.37
MgO 3.49 3.87 3.73 3.35 3.68 3.89 4.11 3.3 3.76
Na2O 7.39 4.87 4.66 5.23 4.93 4.49 4.84 7.59 4.86
K2O 0.71 1.71 1.63 1.09 1.52 1.9 1.01 0.43 1.51
Cr2O3 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
TiO2 0.75 0.76 0.7 0.79 0.71 0.72 0.69 0.78 0.72
MnO 0.04 0.06 0.08 0.07 0.07 0.09 0.08 0.06 0.09
P2O5 0.2 0.19 0.19 0.17 0.21 0.18 0.16 0.18 0.18
SrO 0.01 0.02 0.02 0.02 0.02 0.03 0.02 <0.01 0.02
BaO 0.02 0.04 0.04 0.03 0.04 0.05 0.03 0.01 0.05
C 0.54 0.05 0.21 0.1 0.04 0.07 0.21 0.31 0.28
S 0.14 0.02 0.02 0.04 0.04 0.22 0.12 0.07 0.06
Ba 162.5 386 385 292 383 452 254 105.5 460
Ce 81.6 68.6 73 54.9 74.6 70.1 62 62 71.5
Cr 150 130 140 150 140 140 180 160 140
Cs 0.53 2.09 1.5 1.37 1.01 1.75 0.85 0.5 0.33
Dy 4.13 3.69 3.46 3.47 3.69 3.63 3.38 4.11 3.71
Er 2.2 2.26 1.84 2.05 2.08 2.01 1.9 2.04 1.89
Eu 1.32 1.19 1.14 1.41 1.3 1.26 1.16 1.6 1.41
Ga 18.6 22.5 18.7 21.1 19.6 18 19.1 17.9 19.2
Gd 5.34 4.39 4.26 4.37 4.59 4.31 4 4.87 4.76
Hf 4.5 4.8 4.3 4.8 4.8 4.7 4 4.6 4.6
Ho 0.83 0.84 0.69 0.74 0.71 0.71 0.65 0.86 0.79
La 41 33 36.4 26 37.8 34.7 29.7 30.6 36.2
Lu 0.29 0.32 0.25 0.3 0.29 0.31 0.28 0.27 0.29
Nb 8.5 8.8 8 8.7 8.1 8 7.5 8.8 8.7
Nd 34.6 29.7 30.9 24.6 33.2 30.1 26.3 29.2 31.5
Pr 9.38 7.87 8.39 6.39 8.7 7.97 7.07 7.41 8.19
Rb 25 80.3 69.5 59.3 61.1 85.9 54 28.6 39.5
Sm 6.79 5.27 5.62 4.93 6.11 5.77 5.1 5.94 5.7
Sn 1 2 1 1 1 2 1 2 1
Sr 47.5 219 211 163.5 216 225 218 50.3 162
Ta 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.6
Tb 0.74 0.64 0.63 0.66 0.67 0.67 0.58 0.81 0.7
Th 7.76 7.98 8.54 7.89 8.76 9.1 7.57 7.48 8.46
Tm 0.31 0.32 0.32 0.29 0.31 0.3 0.28 0.28 0.3
U 3.23 1.8 1.74 2.23 1.82 1.94 1.66 2.2 1.64
V 141 148 141 129 141 156 146 139 152
W 2 2 1 2 1 1 1 2 1
Y 21.8 20.9 18.3 19.8 19.9 20.1 18.3 20.9 20.1
Yb 2.05 2.07 1.78 1.94 1.83 1.87 1.8 1.95 1.89
Zr 161 176 169 172 196 187 155 174 175
As 4.9 1.2 3.3 2.4 3 1.1 5 2.7 31.9
Bi 0.11 0.07 0.03 0.03 0.07 0.09 0.17 0.08 0.08
Hg 0.007 0.008 0.02 0.02 0.017 0.024 0.038 0.006 0.01
Sb 0.21 0.14 0.14 0.09 0.09 0.19 0.69 0.11 0.21
Se 0.5 0.3 0.3 0.3 0.3 0.6 1.2 0.4 0.4
Te 0.02 0.01 0.02 0.01 0.03 0.09 0.34 0.03 0.01
Tl 0.07 0.26 0.25 0.16 0.23 0.34 0.39 0.06 0.05
LOI 2.88 2.04 1.68 2.31 1.76 1.72 2.74 2 2.81
Total 98.88 101.83 98.99 101.96 100.33 99.32 100.09 100.06 99.84
Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Co 19 15 10 13 19 27 36 18 28
Cu 4 5 79 10 37 535 367 16 51
Li <10 10 10 10 10 <10 <10 <10 10
Mo <1 <1 <1 <1 <1 1 <1 <1 <1
Ni 71 57 64 55 92 311 502 63 70
Pb <2 3 4 2 2 <2 11 <2 2
Sc 17 16 16 15 15 16 15 17 17
Zn 18 31 37 34 31 41 42 21 38
Au 0.003 0.002 0.022 0.083
Pt <0.005 <0.005 0.02 0.202
Pd 0.001 0.003 0.019 0.13
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Sample'ID SUD+ABC+201 SUD+ABC+202 SUD+ABC+226 SUD+ABC+231 SUD+ABC+239 SUD+ABC+249 SUD+ABC+258 SUD+ABC+261 SUD+ABC+268
Easting'NAD83 510395.3 510366.5 510403.9 510359.987 510358.3989 510336.9891 510418.329
Northing'NAD83 5185315.3 5185316.1 5185768.4 5185324.422 5185326.06 5185267.632 5185251.397
Date 13+07+20 13+07+21 13+07+22 13+07+22 13+07+22 14+07+23 14+07+24 14+07+24 14+07+25
Sample'Type Surface Surface Surface DH DH DH DH DH DH
Location Parkin Parkin Parkin Parkin Parkin Parkin Parkin Parkin Parkin
Geologist' ABC ABC ABC ABC ABC ABC ABC ABC ABC
Rock'Type QD QD QD QD IQD QD QD QD QD
SiO2 60 60.4 63.5 60.1 61.8 57.9 59.6 61.4 59.7
Al2O3 14.6 14.95 15.05 14.15 14.8 13.65 14.05 15.05 14.4
Fe2O3 7.7 7.14 7.42 8.7 6.89 7.54 6.69 7.06 8.26
CaO 2.73 2.28 1.44 3.07 4.55 4.2 2.69 3.89 3.41
MgO 3.71 4.05 3.32 4.13 3.95 4.8 3.87 3.84 3.61
Na2O 4.78 5.35 6.02 3.99 4.69 5.83 6.19 6.37 3.38
K2O 2.34 1.38 1.29 2.84 1.75 1.31 0.91 0.92 2.84
Cr2O3 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02
TiO2 0.67 0.73 0.82 0.74 0.74 0.67 0.85 0.79 0.71
MnO 0.09 0.09 0.03 0.08 0.1 0.07 0.06 0.07 0.09
P2O5 0.19 0.19 0.22 0.2 0.18 0.19 0.22 0.2 0.2
SrO 0.02 0.01 0.01 0.02 0.03 <0.01 0.01 0.01 0.04
BaO 0.07 0.05 0.02 0.1 0.05 0.04 0.01 0.02 0.1
C 0.42 0.03 0.21 0.43 0.21 0.28 0.56 0.26 0.12
S 0.04 0.06 0.04 0.46 0.1 0.8 0.24 0.07 0.45
Ba 604 476 194.5 899 437 320 79.3 179 861
Ce 72.1 58.8 57.8 74.3 66.9 40.3 57.9 72.8 78.2
Cr 140 160 120 150 150 160 210 140 130
Cs 1.78 0.75 3.05 3.65 0.88 0.11 2.69 0.96 3.18
Dy 2.92 3.39 3.37 3.65 3.53 2.99 5.05 3.75 3.53
Er 1.51 1.96 1.95 2.1 2.11 1.67 2.94 2.05 1.78
Eu 1.19 1.3 0.98 1.35 1.42 0.78 1.59 1.38 1.43
Ga 19.6 19.2 19.7 20.5 19.7 15.3 19.1 20.6 19.8
Gd 3.93 4.01 4.03 4.48 4.8 3.18 5.93 5.05 4.85
Hf 4.3 4.6 4.6 4.5 4.3 4.3 5.2 4.4 4.6
Ho 0.58 0.68 0.71 0.72 0.76 0.6 1.02 0.84 0.71
La 36.3 29.7 28.9 36.1 32.5 19 26.5 34.6 38.8
Lu 0.23 0.3 0.28 0.27 0.26 0.28 0.41 0.32 0.26
Nb 7.9 8.4 9.6 8.9 8.4 8 9.3 9 8.1
Nd 30.1 24.6 23.7 31.2 28.7 18.3 28.6 32.2 32.9
Pr 8.27 6.73 6.6 8.6 7.81 4.91 7.02 8.5 9.16
Rb 89.3 39 78.9 119.5 58.5 33.4 47.2 42.9 100.5
Sm 4.92 4.69 4.99 5.73 5.4 3.54 6.43 6.16 6.13
Sn 1 1 1 1 1 1 2 1 1
Sr 167.5 153 77.9 197.5 267 60.6 75.7 111 372
Ta 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.5
Tb 0.53 0.6 0.62 0.66 0.69 0.51 0.84 0.73 0.65
Th 9.03 7.91 8.16 8.26 8.46 9.07 9 8.57 8.05
Tm 0.21 0.29 0.29 0.31 0.29 0.25 0.42 0.31 0.27
U 1.72 1.33 2.15 1.58 1.91 1.32 3.82 1.88 1.5
V 133 145 144 152 141 168 161 156 140
W 1 1 2 1 <1 1 2 2 1
Y 15.7 17.9 18.4 19.5 19.8 16.3 27.3 21.3 18.7
Yb 1.41 1.87 1.84 1.91 2 1.64 2.88 2.01 1.63
Zr 162 163 170 167 157 154 202 160 173
As 12.8 7.5 14.4 0.4 3.8 81.1 12.6 2.1 2.2
Bi 0.04 0.05 0.05 0.24 0.03 0.16 0.87 0.07 0.05
Hg 0.021 0.006 <0.005 0.014 0.006 0.018 0.01 0.007 0.016
Sb 0.18 0.25 0.18 0.39 0.13 0.18 0.35 0.11 0.3
Se 0.4 0.4 0.3 1.1 0.4 1.5 1.1 0.4 1
Te 0.01 0.02 0.01 0.1 0.01 0.04 0.1 0.01 0.06
Tl 0.28 0.1 0.21 0.5 0.2 <0.02 0.21 0.1 0.77
LOI 3.08 2.49 2.4 2.67 1.97 2.56 3.23 1.85 1.53
Total 100 99.13 101.56 100.81 101.52 98.78 98.41 101.49 98.29
Ag <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Co 11 22 17 45 26 69 39 23 41
Cu 93 204 15 390 45 13 2 7 167
Li 10 10 10 20 10 <10 <10 <10 10
Mo <1 <1 <1 <1 <1 <1 <1 <1 <1
Ni 100 217 56 395 83 341 189 64 366
Pb <2 2 2 3 <2 <2 5 4 5
Sc 15 17 18 17 17 28 20 17 16
Zn 46 41 22 40 42 24 50 18 71
Au
Pt
Pd
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Sample'ID SUD+ABC+269 SUD+ABC+270
Easting'NAD83 510360.3327 510360.6355
Northing'NAD83 5185238.007 5185238.077
Date 14+07+25 14+07+25
Sample'Type DH DH
Location Parkin Parkin
Geologist' ABC ABC
Rock'Type QD QD
SiO2 60.2 60.3
Al2O3 14.95 15.7
Fe2O3 9.13 6.71
CaO 2.57 3.16
MgO 4.44 3.49
Na2O 4.01 6.41
K2O 2.67 2.03
Cr2O3 0.02 0.02
TiO2 0.74 0.79
MnO 0.06 0.04
P2O5 0.18 0.21
SrO 0.02 0.02
BaO 0.15 0.04
C 0.18 0.47
S 0.05 0.13
Ba 1340 366
Ce 77 67.1
Cr 170 160
Cs 4 3.98
Dy 3.87 3.91
Er 2 2.1
Eu 1.46 1.24
Ga 21.7 20.9
Gd 5.2 4.79
Hf 4.6 4.8
Ho 0.77 0.76
La 38.3 32.5
Lu 0.34 0.32
Nb 8.9 8.4
Nd 32.6 29.7
Pr 8.89 7.84
Rb 123 108
Sm 5.73 5.45
Sn 1 1
Sr 219 156
Ta 0.6 0.5
Tb 0.72 0.64
Th 8.11 8.03
Tm 0.32 0.31
U 1.87 1.5
V 148 154
W 1 1
Y 20.5 20
Yb 2.01 1.86
Zr 174 174
As 3.4 9.8
Bi 0.05 0.18
Hg 0.007 0.013
Sb 0.19 0.41
Se 0.3 0.6
Te 0.01 0.01
Tl 0.41 0.4
LOI 2.15 2.49
Total 101.29 101.41
Ag <0.5 <0.5
Cd <0.5 <0.5
Co 24 23
Cu 21 142
Li 20 10
Mo <1 <1
Ni 79 79
Pb 5 <2
Sc 15 19
Zn 56 33
Au
Pt
Pd
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Appendix C. Micro x-ray diffraction results 
 
 
 
 
 
 
 
01-072-2493 (C) - Chromite - (Mg0.43Fe0.58)8(Cr1.19Al0.77Ti0.03)8O32 - Cubic - Fd-3m (227)
01-071-0647 (C) - Pyrrhotite - Fe7S8 - Hexagonal - P31 (144)
00-026-1301 (C) - Braggite - NiPd2Pt5S8 - Tetragonal - P42/m (84)
Y + 1.5 mm - File: Sud_TR_005_01 [001].raw
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